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ABSTRACT
The use of chemical fertilizers and pesticides has had negative impacts on
ecological systems and alternatives will be needed to both enhance agricultural
production and remediate waste that has accumulated via fertilizer use. A promising
alternative to tackle both problems utilizes beneficial organisms in microbial
communities associated with plants, which are known as bioinoculants. However, the
benefits of bioinoculants are inconsistent in field application and require more research
in order to harness them in ways to make them a suitable replacement for chemical
fertilizers. Here, I investigate characteristics required to enhance bioinoculant efficiency,
including mechanisms required to increase microbial colonization of plants. Specifically
using soil-dwelling Streptomyces species with Arabidopsis hosts. Also, I investigate
means of enhancing bioremediation ability of an aquatic plant, Duckweed, by adding
specific duckweed associated bacteria. The goal is to harness microbial potential to a
point of suitable replacement for harmful chemical compounds currently used in
agriculture and to enhance remediation potential of an aquatic plant organism using
microbial inoculum. Thereby, benefiting human population sustainability with clean and
effective means for agricultural yield.
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CHAPTER ONE: INTRODUCTION
Microbial Populations and Communities
Microorganisms can be found almost anywhere on Earth where they play key
functional roles to support other life within their respective ecosystem [1]. The immense
diversity in individual microbial genomes enables certain specificity for environments to
be ideal for each specific organism. While some microbes thrive in a warm soil
environment, others prefer a cold ocean floor. In each case, the organism’s genetic
make-up that has developed over time enables the organism to survive in a given niche
and the ensuing distribution of microbial life [2]. Generally, the main predictors for an
organism’s niche are nutrient availability and subsequent metabolism [3]. However, as
more and more microorganisms congregate together in their ideal niche, a community,
termed microbiome, is created that adds another level of complexity beyond nutrient
use. With the presence of other microbes, changes occur in microbial gene expression
that can result in cooperative or competitive behavior across members as each
organism seeks to enhance its own fitness within the community [4]. These interactions
then drive community assembly, causing the ultimate formation of a microbiome. The
result is a functional microbiome, which is a key contributor to its ecosystem, including
key roles in biochemical nutrient cycling and in decomposition of organic matter [5].

One such system for microbiomes that has been investigated more and more
frequently is that which involves host organisms. The collection of microbes that live in a
close association with a host organism have far-reaching impacts on host health, across
numerous different systems and with varying complexities. For instance, in Drosophila,
microbiomes can consist of 5-20 species that reside within the fly’s gut and effect
lifespan and fitness [6, 7]. In the human gut, the microbiome can be upwards of 400
species and aid in digestion and complex carbohydrate breakdown, thus helping to
provide nutrients to their host [8, 9]. The composition of these microbiomes can be
widely diverse across individuals and can include pathogenic, commensal and
beneficial microbial members that drastically impact their respective host’s health [10].
In host-microbiome systems, there are two major types of interactions that establish
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microbial membership. The first interaction is between the host and the microbes (hostmicrobiome) and covers the indirect and direct means of control on a host selecting
microbial members for its community. The second interaction is between the microbes
within the community and how they interact with one another while they inhabit similar
niches around the host organism. Both of these interactions are crucial in understanding
the complexities within microbial community assembly with a host.

Like the above hosts, plant microbiomes play key functional roles within the
plant’s health. Within a plant microbiome, there is a collection of beneficial, commensal
and pathogenic microbes present that can affect the plant [11]. The benefits that
individual microbes can impart to a plant host include stress resistances against
drought, heat, soil salinity and aid in phosphate solubilization [12-14]. In return, hosts
provide nutrients along with a stable environment and suitable niches for its microbial
members to reside [15, 16]. Increasing research has identified that the benefits imparted
to a plant host are largely due to microbial members collectively as opposed to
individual members [11]. Thus, shifting the focus from individual microbial member
recruitment to overall community assembly. To ensure that a microbiome contains
beneficial members in their microbiome, plants have numerous systems in place to
exert control over assembly. For instance, the plant immune system can shape the
microbial community to inhibit pathogenic bacteria from invading [17]. Similarly, plant
metabolism can drive community assembly by selecting for specific microbial members
based on nutrient availability [16]. However, much is still unknown about the community
assembly process that establishes a plant microbiome. Given the impact that a
microbiome has on its plant host, it is necessary to untangle the roles of microbial
membership and function in the community.

Plant Microbiome Assembly
The plant microbiome is of great interest due to its effects on plant health which
is necessary in agriculture and human population sustainability. Individual plant species
play host to a vast array of microbial organisms in soil, aquatic, and terrestrial
2

ecosystems, and the resulting interactions often have large impacts on both the plant
host and on the individual microbial member in association. Terrestrial plants are sessile
organisms, meaning they are permanently anchored in their spot of germination and are
dependent on their environment for nutrients, water, and bacterial inoculum. Likewise,
plants are affected by the abiotic and biotic stresses that occur within their environment
without the ability to escape. To combat this, plants have developed mechanisms and
responses in order to maintain stability even in poor conditions [18]. Many of these
responses take advantage of the plant’s assembled microbiome that is supplied by
water, air, and soil sources [18-20].

As a system, plants are generally divided into two major parts: the above-surface
portion (i.e., the phyllosphere) and the below-ground root portion. The below-surface
root portion acts as a large reservoir of microbial diversity in terrestrial and aquatic
systems [21]. As plant roots grow throughout diverse bulk soil or water sources, they
come into contact with numerous unique microbial species. However, the mechanisms
behind how these microbes are recruited to a plant host and the ensuing interactions
that occur with the community at large are not fully understood. As microbes from
different sources accumulate, they begin not only interacting with the plant but also with
other microbial members that they come into contact with. Beyond that, there are
numerous environmental factors that affect microbial composition, including soil pH,
salinity, and water supply [22]. The collection of microbes that ultimately associate
within and around a plant’s below-ground tissue, the root microbiome, is accordingly a
complex web of interactions between both plants and microbes as well as between
microbial members. A large area of study has thus emerged to characterize constituents
of the root microbiome and its impact on a plant host and to untangle the complex
interactions in belowground environments.

The high complexity of interactions between a plant and microbes within a plant
system makes it difficult to tease apart individual interactions from one another. On top
of that, without knowledge of genetic elements in play between microbes and hosts it is
3

increasingly difficult to make sense of what interactions are occurring. To help alleviate
this issue, studies that investigate the plant microbiome often focus on the flowering
plant and model system, Arabidopsis thaliana (Arabidopsis). Arabidopsis has many
advantages in a controlled laboratory environment, with short generation times, a high
number of offspring produced and self-pollination, avoiding an introduction of genetic
diversity common in sexual reproduction [23]. In addition, Arabidopsis is a diploid
organism that has a small, well-characterized genome with easily accessed tools,
datasets, databases, and previously generated mutants [24]. For many of these
reasons, Arabidopsis was the first plant to have its microbiome defined using 16S rRNA
gene amplicon sequencing studies [25, 26]. Further, immense effort is continually put
into developing additional genetic resources and in further characterizing gene functions
[27]. Here, I also use the aquatic plant system, Lemna minor (Duckweed), in
microbiome studies. Duckweed is a monocot, simple and small flowering plant that
floats on water surfaces [28]. The aquatic plant grows best in stagnate fresh but can
also grow in brackish water environments [29]. Like Arabidopsis, Duckweed reproduces
quickly and is well-studied in the literature, with genetic transformation protocols already
established [30, 31]. Both systems provide avenues for microbiome research while
providing different hosts and implications for research. Therefore, they work as effective
models for observing plant-induced root microbiome dynamics and for working
phyllosphere and root systems.

Within a below-ground plant root system, there is a gradient of microbial
communities that associate with the plant; from the bulk soil or ambient water, which is
away from the plant and only minimally affected by any plant-microbe interface, to the
rhizosphere, the area directly influenced by plants via alterations in chemistry and
exudate profiles, and finally, to within the plant root itself in an area called the
endophytic compartment (EC) [25, 32, 33]. Advances in sequencing technology allowed
us to obtain a more accurate picture of which microbes are commonly found within
these distinct microbiomes. For instance, 16S rRNA gene and internal transcribed
spacer (ITS) region amplicon sequencing differentiate bacterial and fungal taxa present
4

in leaf and root samples [34]. Due to the greater abundance of knowledge of the
bacterial members present; their role will be focused on here. Generally, amplicon
studies show that along the gradient from bulk soil to the EC, the microbiome
membership changes significantly, especially within the EC [25]. The shift in
communities is known as the “rhizosphere effect”, and it describes the changes in
community structure for both the rhizosphere and EC compared to bulk soil [35]. The
rhizosphere effect occurs in numerous plant species and is comparable for taxa
between Arabidopsis and other plant species in the EC and is slightly decreased for
Arabidopsis in rhizosphere communities [35].

Most taxa found within the plant microbiome fall into four phyla: Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria [25, 26]. A majority, over 60%, of the taxa
in the Arabidopsis microbiome have cultured representatives to use in laboratory
settings [36]. While Actinobacteria are not usually the most abundant taxa in soil and
rhizosphere environments, they exhibit increased relative abundance in the EC
compared to the external communities [25]. Another example of EC colonizing bacteria
are Proteobacteria, which are generally the most abundant phylum in plant tissue but
are more variable depending on family level [25]. This prompts investigation into why
certain microbes establish themselves in such a close association with plants while
other microbes are unable to do so. Specifically, what genes are present within these
organisms? Consequently, how might the organisms that possess them subsequently
impact the overall microbiome community structure? Highlighting these genes and their
functions is important because it allows us to identify which organisms might have the
greatest effects on the health of the plant host and the surrounding community structure
[22]. Furthermore, by understanding these community dynamics, we can better predict
which microbes can establish themselves with the plant. In this way, tuning
microbiomes to include beneficial microbes that work synergistically to be more effective
at positively enhancing plant health and biomass yield [37, 38].

5

Applications of Plant Microbiomes in Industry
The use of chemical fertilizers and pesticides has increased since their creation
in the 19th and 20th century for large-scale agricultural use [39, 40]. By industrializing
agriculture using fertilizers and pesticides, the human population has sustained
increasing food requirements and protected crops from disease, including the
production and health of required fruits and vegetables necessary in a human diet [39].
The green revolution brought about a dramatic increase in crop production while
keeping land use at a sustainable mark using chemical products and advancements
[41]. While the benefits to this technology cannot be understated, the use of pesticides
and other chemical fertilizers is becoming an increasingly undesirable means of
enhancing crop yield.

Due to negative impacts on human and environmental health, it is all the more
urgent to find alternative means of increasing crop yields in a safe and efficient way
[42]. Similarly, it is important to find ways to remediate current waste build up from
current agricultural practices. One such way that is becoming more and more enticing is
the use of bioinoculants and bioremediation, as microbial metabolism is capable of
providing hosts with important nutrients. Bioinoculants leverage a microbial community
in order to produce a desired phenotype within a plant host; for crop yield it would be
increased plant growth promotion. However, many bioinoculants today are inconsistent,
which suppresses their widespread application [43]. In this way, it is important to better
understand the multiple aspects that must be considered when putting together a
bioinoculant: the microbes need to be able to persist and survive within the community,
they need to be robust colonizers to interact with the plant, and they need to produce
the desired phenotype within the plant host (Figure 1.1) [12, 42].

While many growth promoting characteristics of particular microbes have been
identified, including auxin production, nitrogen fixation, and phosphate solubilization, it is
imperative that these beneficial microbes be able to establish themselves effectively
within the plant microbiome [44]. For this reason, organisms possessing genes that
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allow them to become endophytic, within plant tissue, are very promising for inclusion in
a bioinoculant strains [45]. Also, of equal importance is that the organism is able to
adapt and survive within a dynamic community, and perhaps carry some role in
community assembly. While an individual microbe can have some effect, the overall
community must be considered when creating a viable bioinoculant product. For that
reason, it is imperative to identify what genes are growth promoting, what genes help in
robust colonization, and the impact that an organism has on the microbial community at
large and is impacted by (Figure 1.1). The objective of this thesis is to better understand
these complex dynamics and make more efficient the use of bioinoculants for largescale agricultural purposes. In this way, we aim to reduce fertilizer usage while
maintaining agricultural efficiency by studying bioinoculant characteristics in an
Arabidopsis system with Streptomyces organisms. Also, we look to find ways to
alleviate current waste accumulation by investigating the bioremediation of fertilizer
pollution using a duckweed system with associated duckweed bacteria. When fertilizers
are used too liberally and runoff into aquatic systems, they dump phosphorus and
nitrogen into the water [46]. Excess phosphorus and nitrogen can then lead to a
dramatic increase in microbial growth, leading to eutrophication and the overgrowth of
harmful algae and cyanobacteria that deplete dissolved oxygen in the system [47]. To
counter this, Duckweed takes up excess nitrogen and phosphorus which makes it a
possible solution to eutrophication caused by fertilizer runoff [48].

Plant-Microbe Interactions
Apart from determining beneficial microbial genes for plant growth, the first key to
generating more efficient bioinoculants is determining what genes are associated with
robust colonization. A major issue with bioinoculant products is that they often perform
inconsistently in field systems, largely due to the lack of knowledge about what genes
establish these microbes within the system [49]. Two of the major factors involved in
successful colonization are the plant exudates responsible for microbial recruitment and
the microbial genes that aid in colonization. As plants fix atmospheric carbon, they
secrete significant quantities, upwards of 20-50%, as root exudates that can act as
7

carbon sources and change the chemical composition of soil, ultimately affecting
characteristics of soil and microbial capability to establish within the rhizosphere [50-52].
On the microbial side, microbes within the rhizosphere can alter plant root exudate as
noted in a study that showed Bacillus strains that induced the exudation of acylsugars
from a plant host [50]. Bacteria with mutations in carotenoids and genes with homology
to ATP-binding cassette (ABC) transporters show decreased levels of colonization,
indicating some potential with specific genes and colonization capability [53]. ABC
transporters have been linked to signaling between microbial and plant cells,
highlighting a two-way communication between microbial and plant cells [54]. For this
research, of utmost interest is what is present on the microbial side that plants are
selecting for with root exudates or that is enabling enhanced survival within the system.

There are numerous alterations to plant physiology following microbial
colonization [55]. Microbes biosynthesize and release phytohormones and other
compounds that can act directly or indirectly on a plant host [56]. Specifically, microbial
production of auxins, cytokinins, and N-acyl-L-homoserine lactones that can be
perceived by plant hosts and act as signaling molecules [56]. In response to a microbial
sign, such as phytohormones, microbe-associated molecular patterns, or volatile
compounds, plant physiology and exudate composition affected [56]. Furthermore, a
subset of microbes that colonize the EC subsequently prime the plant immune system,
which effects other microbes within a community, most importantly pathogens. Thus,
when a pathogen is introduced into the system, a primed immune system can help aid
in an effective plant response to detrimental bacteria [57]. Therefore, of greatest interest
are those microbes that can associate within the EC, as they show a great potential for
beneficial alterations in plant physiology.

Among microbes with enhanced EC colonization compared to rhizosphere
abundances, Streptomyces from Actinobacteria show promise for determining genespecific causes of colonization phenotypes. Initial investigation of Streptomyces strains
showed significantly different levels of colonization across strain within the genus, with
8

2-3 log differences in root and seedling colonization [58]. Streptomyces are GramPositive, filamentous bacteria that are generally found residing in soils and consistently
associated with plant hosts. Additionally, members of this taxa can induce plant defense
systems while maintaining a symbiotic relationship with the plant host [59]. However,
while the relationship between particular Streptomyces and plant hosts has been
observed, the genetic factors that result in the relationship are not well known. In
addition, Streptomyces generally boast large metabolic profiles and secondary
metabolic products, providing a large genomic repertoire for investigation [60, 61].
Consequently, a deep dive into Streptomyces genetics could uncover factors associated
with robust colonization and strong plant-microbe relationships.

Of note are pigment producing genes discovered in Streptomyces strains that
produce melanin. Melanin is a brown-black pigment that results from the enzyme
catalyzed oxidation of phenolic compounds, which are compounds present in
rhizosphere environments [62-64]. In a rhizosphere environment, phenolic compounds
have the ability to induce reactive oxygen species (ROS) and plants may secrete them
as exudates against pathogens for defense [65]. Phenolics are also involved in plant
development and in plant-microbe signaling [66, 67]. In this way, melanin identifies itself
as a potentially beneficial compound in the colonization of plant tissue. Melanin also
establishes a direct link in plant-microbe interactions and provides an ideal starting point
in genome searching of these organisms.

Beyond Streptomyces, there are numerous other plant associated organisms that
prompt further investigation into other pigment producing genes that may affect plant
root colonization in other isolates present in a synthetic community (SynCom) previously
investigated [58]. One of note is a carotenoid produced in a Proteobacteria,
Brevundimonas sp. 374, which is another robust colonizer when monoinoculated with
Arabidopsis thaliana, that creates bright orange colonies. Carotenoids are pigments with
observed photoprotective and antioxidant capabilities, a function notable in melanin, as
well [62, 68, 69]. Furthermore, carotenoid deficient Pantoea sp., another Proteobacteria,
9

show significant decreases in Arabidopsis thaliana root colonization that may be linked
to rhizosphere survival or in root association [69]. The carotenoid deficient Pantoea also
showed an altered membrane organization, highlighting its potential indirect role in
survival [70]. Between melanin and carotenoid pigments, we observe noteworthy genes
as starting places to investigate what genetic elements may be predictors of robust root
colonization, thus, helping to support one requirement for efficient bioinoculant use.

Microbe-Microbe Interactions
Beyond genes that play a role in plant root colonization, it is equally important to
understand the effect of colonization on subsequent community assembly. As certain
isolates associate with a plant host, changes can occur in how the plant host interacts
with the environment and with other microbial isolates in the soil [14]. A recent study in
plant-growth-promoting-bacteria (PGPB) found that certain rhizobacteria even enhance
the association of PGPB with a plant host [71]. Therefore, it is a great resource to the
understanding of microbiome research to understand the assembly process. One area
of interest is again with the colonization of Streptomyces species and how they impact
microbiome assembly. For instance, a study on Gray mold in grapevines showed a
Streptomyces’ ability to stimulate the plant’s immune system against perceived
pathogens, thus indicating some indirect control over community assembly [72]. While
Streptomyces seem to carry robust colonization capabilities, they also seem to carry a
high potential for interacting with other microbial members of a community both by direct
and indirect methods. This interaction capability is mostly due to the large metabolic
potential of these microorganisms and the impact that Streptomyces have in priming
plant defenses [72]. However, where these capabilities come from and to what extent
the impact the other organisms within the system is largely unknown. The ability of
Streptomyces to colonize is the first step in their establishment into a community and to
have any ability to shape it. There is a gap in our understanding of what mechanisms
Streptomyces employ either directly or indirectly on other microbial community
members to shape the root microbiome.
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Beyond Arabidopsis, another system that shows promise in further
understanding plant-microbe and microbe-microbe interactions is duckweed and a
culture collection of duckweed associated bacteria (DAB). Duckweed microbiomes are
taxonomically comparable to Arabidopsis leaf microbiomes, including Proteobacteria,
Actinobacteria, Firmicutes, and Bacteroidetes members [73]. The similarity of
Duckweed and Arabidopsis microbiomes highlights the comparable nature and
connections between the two plant systems [73]. Duckweed is a potential tool for the
treatment of wastewater and in fertilizer pollution remediation for its ability to grow
quickly and take up phosphorus and nitrogen from the environment, especially in
developing countries as a cost-effective approach [48, 74, 75]. However, the efficiency
of duckweed largely depends on environmental conditions, many of which are not fully
understood [76]. To counter negative environmental conditions, the manipulation of the
duckweed microbiome, including many beneficial bacteria, improves efficiency and
helps stabilize duckweed productivity in wastewater [77]. Previous work shows the role
of indoles, a phytohormone, and similar compounds as active agents in the associations
that form between bacteria and duckweed [78]. These compounds show plant growth
promoting characteristics, hereby affecting duckweed physiology, and are produced by
a number of DAB [78]. By adding different specific DAB to duckweed, it is possible to
observe shifts in wastewater microbiomes and duckweed growth. The goal is a system
in which changes in microbiota inoculated in duckweed lead to a subsequent decrease
in toxic environmental factors and a decrease in harmful pathogenic bacteria found in
wastewater. Hence, this system creates the holistic picture of growth promoting
microbes with robust colonization and a picture of how they affect community assembly
and are affected by community composition. It also provides a means of aiding in
environmental bioremediation using an easily acquired organism.

Conclusions
The goal of this work is to advance our understanding of plant root microbiome
establishment and the interactions that occur during the assembly process. To do this, I
investigated bacterial genes in plant-associated isolates that may impact their
11

colonization characteristics, specifically pigments. Also, I investigated what affect the
colonization of such isolates has on the subsequent colonization of other microbes.
Together these studies will define mechanisms for plant-microbe and microbe-microbe
interactions during plant microbiome assembly. As Earth’s population continues to
increase and climate change alters our capability to have sustainable agriculture, it is
important to find alternative means of producing higher crop yield. While bioinoculants
and growth promoting bacteria are a part of the equation, microbes containing these
genes are not necessarily associated with successful plant colonization [15]. For this
reason, it is necessary to determine both what genes lead to robust colonization and
what genes lead to plant growth promotion so that the coupling of these two things may
enhance crop yields. Additionally, it is important to identify community involvement as
further predictors because how a potential bioinoculant survives and thrives in an
environment will also depend on the community at large and the supporting cast
present.

The studies performed here are an important progression in determining what
characteristics predict plant colonization and community assembly and provide future
avenues in manipulating these characteristics to improve bioinoculant efficiency and
agriculture production. Using a controlled plant system that excludes environmental
factors that would occur in nature helps to simplify and effectively seek out these
answers. Likewise, soil is a very diverse and complex environment that is not easily
translated directly into a controlled laboratory setting. Many of the microbes present in
soil environments are not culturable in a laboratory setting and cannot be accounted for
in controlled experiments. However, understanding the complex issues before us
requires teasing apart the multifaceted layers of microbial and plant interactions, and I
believe I have done so to push our knowledge forward. By doing so, we equip ourselves
to better safeguard plant food production by stimulating growth and protecting plant host
health.
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My work contributes to our understanding of how high the potential is of microbes
in establishing safe and natural alternatives to modern problems. The diversity in
microbial organisms is astounding and makes their uses seemingly endless for humans.
The use of microbes as a safe and effective way to enhance agricultural yield and
bioremediation shows such promise given what we now know and gives hope not only
for cleaner operations in the future but also in helping reduce waste of the past. The
work that I have done here is important in understanding characteristics necessary for
enhanced bioinoculant activity and in the efficacy of bioremediation using plant-microbe
systems. More work will need to be done for establishing community level dynamics so
that communities may be assembled to optimize beneficial phenotypes to plant hosts.
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APPENDIX: FIGURES

Figure 1. 1:Scheme of microbial attributes that enhance bioinoculant efficiency.
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CHAPTER TWO: INVESTIGATING POTENTIAL GENES THAT
RESULT IN PIGMENT PRODUCTION TO ENHANCE PLANT
COLONIZATION CAPABILITY OF STREPTOMYCES AND
BREVUNDIMONAS SP. OF ARABIDOPSIS THALIANA
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ABSTRACT
Actinobacteria and Proteobacteria assemble into the internal, root endophytic
compartment of a wide variety of plants grown in soils worldwide, suggesting their ability
to thrive during root microbiome assembly. A previous study found that among four
nonpathogenic, root-isolated Actinobacteria in the genus Streptomyces (i.e., 303, 299,
CL18, and 136), only 303 and 299 colonized endophytic root tissue of the majority of
Arabidopsis thaliana roots when inoculated with 34 other bacterial isolates. Here we
demonstrate that 303 and 299 also colonize significantly more in mono-association with
A. thaliana seedlings. The genomes of melanin-producing 303 and 299 each contain
two copies of the gene encoding tyrosinase (melC2 and melD2), an enzyme necessary
for melanin biosynthesis in Streptomyces and not found in CL18 and 136. Because
tyrosinase oxidizes phenolic compounds and Streptomyces colonization of A. thaliana
appears to be influenced by the phenolic and antimicrobial compound, salicylic acid
(SA), we measured direct sensitivity of Streptomyces isolates to the phenolic
compounds catechol, ferulic acid (FA), and SA in vitro. While both 303 and 299 showed
higher numbers of surviving colonies than CL18 and 136 in the presence of catechol,
only 303 demonstrated a higher number of surviving colonies when isolates were
challenged with FA and SA. When seedlings were singly inoculated with a collection of
related plant-associated Streptomyces isolates, colonization was significantly higher in
isolates possessing two tyrosinase gene copies than isolates with either zero or only
one gene copy. Additionally, Brevundimonas sp., from the phylum Proteobacteria,
shows robust colonization in mono-association with A. thaliana. This strain produces a
different pigment, a carotenoid, which allowed for investigation on the impacts of 2
different pigments on seedling colonization phenotypes. While no direct impact was
provided by the carotenoid pigment, it is interesting to compare the different functionality
between both pigments. Overall, we describe a connection between microbes that
produce 2 different pigments with increased seedling colonization of nonpathogenic
Streptomyces and a Brevundimonas isolate in A. thaliana. We propose tyrosinase
activity in Streptomyces partially protects against harmful plant-produced phenolic
compounds as they transition into an endophytic lifestyle. Alternatively, while the
24

carotenoid did not seem to impart a survival advantage to the Brevundimonas sp., its
ability to colonize appears to be specific towards the plant and requires the absences of
other organisms in the community.
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INTRODUCTION
During plant microbiome assembly, both hosts and microbes drive the
complicated and interwoven mechanisms that result in community composition [1]. The
microbial members of these communities likely scavenge resources and nutrients from
their surroundings [2,3], withstand abiotic and biotic assaults [4,5], and/or act
aggressively toward competing microbes [6]. Microbiome assembly is likely influenced
by cooperation and competition between microbes vying for niches within the root.
Additionally, negotiation of the plant immune system requires specific microbial abilities
and potentially host accommodation. Rhizosphere and internal, root endophytic
compartment (EC) microbiomes are assembled through plant- specific recruitment of
subsets of the soil microbial reservoir, resulting in host-specific microbiome
assemblages that are often rich in certain taxa and depleted in others [7,8]. While shifts
in community composition may result in a net benefit or cost to the host and other
microbes [9], it is still critical to define the finer scale influence of individual microbiome
members on host health [1,10]. Understanding incentives for specific host-microbiome
establishment will facilitate beneficial community manipulation to improve plant health
and growth through defined agricultural practices [5,11].

Deciphering the mechanisms that promote successful colonization of individual
microbial strains within a complex microbial inoculum is essential for the development of
successful biological products to improve plant health. Among taxa that are found
commonly associated with plant hosts, Actinobacteria and Proteobacteria are often
abundant. Within Actinobacteria, members of the Streptomycetaceae family are
consistently enriched within the roots of various plant species compared with
surrounding soil inoculum and are regarded for their high metabolic potential [12–19].
Additionally, while Proteobacteria are variable in colonization depending on family-level,
they are among the most abundant taxa found in plant tissue with members of the
Caulobacteraceae showing EC enrichment in A. thaliana [15]. Ultimately, investigating
these two bacterial families specifically provides us with the opportunity to identify novel
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molecular mechanisms that contribute to their colonization success and their
establishment in root microbiome environments.

Strains of Streptomyces can have a range of interactions with a plant host from
pathogenic to beneficial. For instance, while Streptomyces scabiei and S. ipomoeae are
plant pathogens [20], most other strains are nonpathogenic and consistent root
microbiome members. Many Streptomyces contribute to agriculturally important traits,
such as drought resistance, improved plant growth promotion, and disease resistance
through biocontrol capabilities [18,21,22]. However, it is still necessary to tease apart
unique mechanisms that facilitate Streptomyces root colonization. Here we define
Streptomyces strain-specific mechanisms that might potentiate survival advantages
during root microbiome assembly.

Proteobacteria is a very diverse phylum with high variability across its bacterial
members with the ability to colonize a wide range of hosts [23]. It includes mammalian
pathogenic bacteria, including strains of Salmonella, Pseudomonas, and Campylobacter
that have defined effects on mammalian hosts [23]. Many of the organisms from these
genera can also colonize plants and can be introduced via fertilizer inoculation,
including Salmonella and Pseudomonas strains [24,25]. Among the Proteobacteria
families that are consistently found associated with plants, Brevundimonas spp. show
interest due to their growth enhancing and colonizing capability [19,26]. While all of their
effects on a plant host may not be well known, they are an ideal organism for
understanding microbiome establishment due to their consistency in associating with a
plant host. They also provide a representative organism from Proteobacteria, which
have similarity to Actinobacteria. This similarity was noted in a recent study with maize
roots that showed both Actinobacteria and Proteobacteria taxa were most affected by
benzoxazinoids, secondary metabolites from plants that can regulate plant-microbe
signaling and plant defense signaling [27]. In this way, Proteobacteria provide another
avenue for investigating potential genes involved in enhanced root microbiome survival
and plant association.
27

Previous experiments inoculated axenic Arabidopsis thaliana seedlings with a
synthetic community (SynCom) of 38 taxonomically diverse bacterial isolates, which
included four isolates in the actinobacterial genus Streptomyces. Colonization of 6- to 8week-old A. thaliana roots differed between these four Streptomyces isolates [28].
Specifically, two Streptomyces isolates, 303 and 299, were found with significantly
greater abundance in the root EC than in inoculum and were thus indicated as “ECenriched,” while the other two, CL18 and 136 were not [28]. Root EC colonization by
these strains was influenced by salicylic acid (SA), a phenolic compound, which inhibits
microbial growth [29,30], acts as a plant defense phytohormone [31,32], and is
measurable in root tissue, seedlings, and exudates [8,28,33,34]. Isolate 136 colonized
significantly better in pad4 plants, which are unable to trigger SA accumulation, while
303 displayed significantly increased levels of root colonization in plants sprayed with
exogenous SA [28]. Thus, Streptomyces colonization appears to be influenced by at
_
least one phenolic compound present in the root soil interface. However, it was unclear

if SA influence was direct or indirect, acting through the plant immune system.

Here, we explore distinct phenotypic and genomic characteristics of these four
nonpathogenic, A. thaliana root-associated Streptomyces strains. While recent studies
established that plant-associated Streptomyces do not use SA as a carbon source
during colonization [35], here we test the hypothesis that SA and other phenolic
compounds in the root/soil interface provide selective pressure during root microbiome
community assembly. We investigate the strain-specific kinetics and products of
tyrosinase, an enzyme present in the two root EC- enriched strains, 303 and 299, but
not CL18 or 136. Further, we suggest that inhibiting this enzyme negatively influences
protection conferred to 299 and 303 against phenolic compounds during seedling
colonization. These studies present a unique opportunity to elucidate microbial
determinants of seedling colonization for root-associated strains within a single genus.
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Streptomyces fall within the phylum Actinobacteria, a taxonomic group with vast
and varied metabolic potential [36]. We propose that one beneficial product for plantassociated Streptomyces strains during colonization is melanin, a pigment ranging in
color from tan to black, which is also produced by other bacterial taxa, fungi, plants,
insects, and mammals [37–41]. In bacteria, the polymer is produced in various forms
including eumelanin, which is produced during tyrosinase oxidation and is black-brown,
pheomelanin, which is yellow-red and produced via cysteinylation of dihydroxyphenylalanine (DOPA), and the less studied allomelanin [42]. These melanins can
shuttle electrons or act as final electron acceptors [42]. While function and synthesis
vary by organism, melanins are generally hypothesized to provide protection from
stresses such as reactive oxygen species, antibiotics, and antimicrobial peptides
[39,43,44], thereby providing a potential survival advantage [45]. In the root pathogen S.
scabies, mutants that lose melanin production exhibit decreased virulence, although this
phenotype often co-occurred with decreased production of the virulence factor
thaxtomin A [46]. Therefore, it remains unclear what role melanin might play during root
colonization with nonpathogenic Streptomyces.

The extracellular production of melanin in Streptomyces is frequently observed
and conferred by the melC operon, which contains two genes: melC1 and melC2.
melC2 encodes a tyrosinase enzyme critical for oxidizing compounds at multiple steps
during melanin production from tyrosine[47–49]. melC1 encodes a helper protein that
adds the required copper ions for tyrosinase function and contains a secretion signal
that facilitates the exporting of both MelC1 and MelC2 proteins into the extracellular
space, where the MelC2 enzyme participates in melanin production[50,51]. A previous
study discovered that a collection of melanin producing Streptomyces isolates contained
two predicted copies of the melC operon, each containing the two required genes [44].
The second copy of the operon (termed melD) resulted in an intracellular enzyme and
phenolic compounds oxidation within the cell [44]. While melD was observed in strains
without melC, the opposite was not true [44]. Yang and Chen observed that strains with
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only melD lacked melanin production, confirming that melC confers extracellular
melanin production [44].

Here we describe that Streptomyces isolates 303 and 299, which are both
capable of producing melanin also possess a predicted melC and a predicted melD
operon and exhibit increased resistance to phenolic compounds. The experimental
system we use allows us to determine the potential survival advantage of mel-harboring
isolates via hypothesized protective tyrosinase or melanin activities to enhance the
opportunity to colonize plants, which we test on four Streptomyces strains isolated from
a different plant host species. Advancing our understanding of how Streptomyces spp.
colonize A. thaliana will provide future opportunities to understand their activities in root
microbiomes and determine if they manipulate microbiome composition to improve plant
health, growth, and ultimately yield.

In the same 38-member SynCom experiment as above, fifteen Proteobacteria
were inoculated on A. thaliana, and a Proteobacteria, Brevundimonas sp. 374 that
showed higher colonization levels around 108 CFU/g. Interestingly, 374 also showed an
orange pigment production on media that has been associated with plant colonization in
a the majority of plants [28]. Carotenoids are pigments found in plant and bacterial
species that have vital roles in plant health with roles in photosynthesis and
photoprotection [52]. Like melanin pigments, carotenoids have antioxidant effects and
confer UV resistance to organisms [43,53]. Therefore, we predict both pigment types
provide a survival advantage to their organisms during host colonization. Recent studies
investigating a root-associated Pantoea strain, another Proteobacteria, that produces a
carotenoid found that a disruption in the pigment producing genes, mainly genes crtY
and crtB, resulted in a decrease in plant root colonization [54]. Furthermore, a follow-up
study showed that the deficient mutant also had altered membrane functionality,
resulting in defects with IAA secretion and motility [55]. Highlighting the importance of
carotenoid pigments in bacterial survival. However, the functionality of a carotenoid in
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the root context is not well understood and requires further investigation to determine if
it is a good gene marker for enhanced root colonization.

Using different organisms with a diverse range of metabolic potential to
investigate factors responsible for EC colonization helps to narrow down potential
markers for plant colonization. Streptomyces isolates that colonize plant roots well, even
in SynCom, provide a large reservoir of genes to investigate and a large number of
microbe-microbe interactions to consider. Conversely, a Brevundimonas strain with a
smaller secondary metabolic potential that only colonizes well in mono-inoculation helps
to provide a smaller reservoir to investigate genes involved in direct plant-microbe
association. Melanin and carotenoid pigments found in these organisms each provide a
way of uncovering the role of pigments in plant root colonization and in identifying genes
associated with increased colonization. In this way, mining each organism’s metabolic
potential for explanations to observed plant colonization phenotypes to better
understand how microbes associate and establish with a plant host.

MATERIALS AND METHODS
Strain culture preparation
Streptomyces isolates were grown in lysogeny broth (LB) [56] at 30°C with
shaking at 150 rpm for 4 to 7 days. Cultures were vortexed vigorously for 5 s and
beaten with 3 mm glass beads for 2.5 min to disrupt bacterial aggregates. A
spectrophotometer measured the optical density at 600 nm (OD600) and cultures were
normalized to an OD600 of 0.01. One hundred microliters of all normalized isolate
resuspensions were plated on LB solid medium, incubated at 28°C for 4 to 7 days, and
2
4
colony forming units (CFUs) were counted. Inoculum ranged from 1 × 10 to 3 × 10

CFU/ml. LB medium was used for initial inoculation of many of our assays due to the
consistent size of flocculants and pigment production that two of our Streptomyces
strains made on solid and in liquid media that made it possible to differentiate the
isolates from one another (Figure 2.1A). Additionally, because it is a rich medium, we
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could easily detect contamination with other faster growing bacteria. Brevundimonas sp.
374 was grown up in LB at 30°C with shaking at 150 rpm for 1-2 days. On plate media,
374 makes a noticeable bright orange pigment while it is not obvious in liquid media and
requires pelleting cells down to see orange pigment on cells. 374 cultures were also
normalized to an OD600 of 0.01 with inoculum ranges resembling the higher limit of
4
Streptomyces, at 3 x 10 CFU/ml.

Melanin pigment extraction
For Streptomyces strains, pigment extraction from bacterial strains was adapted
from Drewnowska et al. [57]. Specifically, 200 ml of cultures of 303, 299, CL18, and 136
was split between four 50-ml sterile conical tubes each and centrifuged for 15 min at
3,200 × g. Supernatants of each isolate were transferred to two 100-ml glass bottles.
The pH of the supernatants was adjusted to 2.0 via addition of 1 M HCl. Samples were
incubated at room temperature for 1 week in the dark. Following incubation, the
acidified supernatants were boiled in the glass bottles for 1 h. Cooled supernatants from
each isolate were transferred to four 50-ml conical tubes and centrifuged for 15 min at
3,200 × g. After supernatants were removed, 303, 299, and CL18 had approximately a
1-ml pellet remaining in each tube while 136 had no evident pellet. Pellets from each
isolate were resuspended and combined into a single 15-ml tube per isolate. The three
tubes were then centrifuged again for 7 min at 3,200 × g and supernatants were
discarded. Pellets were washed and centrifuged for 7 min at 3,200 × g three times in 15
ml of 0.1M HCl and a final time in 15 ml of water. After each wash, supernatants were
discarded. After washing, 10 ml of absolute ethanol was added to each of the 15-ml
tubes containing the pellets and resuspended. The tubes were placed in a boiling water
bath for 10 min and then incubated at room temperature for 1 day. Following incubation,
the suspensions were centrifuged for 7 min at 3,200 × g and the supernatant was
discarded. The pellets were washed twice with absolute ethanol and centrifuged for 7
min at 3,200 × g between washings. After the second wash, the pellets were allowed to
air dry. The pellets for 303 and 299 cultures were brown while the pellet from CL18
culture was orange.
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Liquid-chromatography mass spectrometry (LC-MS)
Pigment pellets were digested following the protocol established by Ito and
Wakamatsu [58]. Briefly, approximately 1-mg portions of the dried pigments were
weighed and transferred to glass vials (4 dr) for digestion. The solid samples were
suspended in 100 ml of high-performance liquid chromatography (HPLC)-grade H2O,
which was sonicated for 2 min to increase dispersion of pigments in the aqueous
solution and centrifuged at 4,000 rpm to correct for the splashing that occurred during
sonication. To the suspension of pigment in H2O, 30 ml of 30% H2O2 and 375 ml of 1 M
K2CO3 were added. The vials were capped and secured on an orbital shaker set to 200
rpm to digest at room temperature for about 20 h. After digestion, excess peroxide was
destroyed with the addition of 50 ml of 10% Na2SO3 and each sample was acidified with
140 ml of 6 N HCl. These digested, quenched, and acidified samples were centrifuged
at 13,000 rpm for 5 min to pelletize any undigested melanin, and then 300 ml of
supernatant was transferred into autosampler vials for chemical analysis. The LC-MS
analyses were performed on an UltiMate 3000 UHPLC system coupled to an Exactive
Plus Orbitrap mass spectrometer (Thermo Scientific, Pittsburgh, PA). Separations were
performed on an Accucore HILIC LC column (150 × 2.1 mm; 2.6 mm particle size,
Thermo Scientific) kept at 25°C. For each analysis, 10 ml of sample was injected onto
the LC column and the chromatographic method employed used 0.1% formic acid in
ACN and 0.1% formic acid in H2O as mobile phases A and B. The chromatographic
conditions were as follows: 0 min, 80% A; 10 min, 80% A; 10.1 min, 100% A; 20 min,
80% A; 25 min, 80% A; with a constant flow rate of 200 ml/ min. The high-resolution
mass spectrometric (HRMS) experiments were all conducted in negative ion mode
using an electrospray ionization (ESI) source. The ESI parameters used were a spray
_
voltage of 4.0 kV, an aux gas flow rate of 8 units, sheath gas flow rate of 25 units,

sweep gas set to 3 units, and capillary temperature set to 32°C. The mass spectrometer
scanned a mass range of 120 to 1,800 m/z with a resolution of 140,000, an automatic
6
gain control (AGC) target of 3.0 × 10 , and maximum injection time of 200ms. The

HRMS data were analyzed and processed using the MAVEN [59] software and
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processed to generate bar graphs (data not shown). Extracted ion chromatograms were
generated in MAVEN [59] with an extraction window of 5 ppm.

Seed sterilization and germination
For all seedling experiments, Col-0 accession A. thaliana plants were used. All
seeds were surface sterilized in 70% ethanol with 0.1% Triton X-100 for 1 min, 10%
household bleach with 0.1% Triton X-100 for 15 min, and three washes with sterile
distilled water. Seeds were stratified for at least 3 days in the dark at 4°C and
subsequently germinated at 24°C with 16 h of light for 6 to 8 days on agar plates
containing half- strength (2.22 g/liter) Murashige & Skoog (MS) vitamins, 1% sucrose,
and 1% Phytoagar (Bioworld).

Plant colonization experiments
To inoculate plates, 150 μl of individual isolate resuspensions at OD 0.01 was
spread on prepared quarter-strength MS square agar plates (150 mm × 150 mm) with
no sucrose. For colonization experiments with SA, 100 μl of isolate resuspensions was
spread on quarter-strength MS square agar plates (100 mm × 100 mm) with no sucrose
and 0.1 mM SA, which did not influence seedling survival after 14 days. Plates were
allowed to dry and four to five sterile seedlings were aseptically transferred onto each
plate with flame-sterilized tweezers. Plates were sealed with Parafilm M Laboratory Film
and randomly stacked vertically in open wire trays, which were grown at 24°C with 16 h
of light for 14 to 15 days. Every 2 days, root length was observed, phenotype was
assessed, and plates were shuffled. After 14 to 15 days, the seedlings from each plate
were aseptically harvested and pooled in sterile previously weighed 1.5-ml centrifuge
tubes. Tubes were weighed again after tissue was added to determine seedling
biomass. To quantify internal levels of colonization, roots were rinsed and vortexed 5 s
three times with sterile distilled water to determine combined level of colonization for
internal and tightly attached external bacteria. For homogenization of weighed
seedlings, a combination of sterile garnet and 3 mm glass beads were aseptically
transferred to tubes containing the pooled, surface sterilized whole seedlings, 1 ml of
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sterile phosphate buffered saline was then added to each tube, and samples were
homogenized in a 2010 Geno/ Grinder at 1,500 rpm for 5 min. From homogenized
tissue, 100 μl was spread on LB plates and incubated at 28°C for 4 to 7 days. CFUs
were counted and recorded. For experiments in pots, 64 ml of sterile calcined clay
(Pro’s Choice Rapid Dry) in three-inch square pots was inoculated with 49 ml
normalized culture suspended in half strength MS buffered with sterile 2-(N-morpholino)
ethane- sulfonic acid (MES). Six-day-old seedlings were aseptically transferred to
inoculated pots. An additional 1 ml of suspended inoculum was applied directly to
seedling roots to bury them in the calcined clay. Plants were watered every 2 to 3 days
from the top with sterile distilled water and grown in growth chambers (Percival, model
AR41L3C8) with 10 h of light at 22°C and 14 h of dark at 18°C. Beginning at 6 weeks of
growth, plants were aseptically harvested when inflorescence began to emerge. Whole
plants were submerged in 25 ml of sterile harvesting phosphate buffer with 0.01%
Silwet (Lehle Seeds) and vortexed vigorously for 10 s. Roots and rosettes were
separated with sterile forceps and transferred to sterile centrifuge tubes and weighed to
measure biomass (Figure 2.2).

Pangenomic visualization
Genomes for strains 303, OV320, 299, OV308, CL18, YR375, 136, OK210, and
Streptomyces scabiei 87.22 (Tables 2.1 and 2.2) were downloaded from Joint Genome
Institute (JGI) Integrated Microbial Genomes & Microbiomes (IMG/M) expert review
(ER) system [60]. Genomes were mined using JGI IMG/M ER query tools and Anvi’o
v2.1.0 (a platform used to analyze and visualize genomic data) [61]. Pangenomic
analysis was performed with Anvi’o, as outlined by Eren et al. [61]. Homologs were
identified using similarity searches through NCBIs BLASTP and protein clusters were
resolved with the MCL algorithm (inflation parameter 6) [62] using the minbit scoring
method (score 0.5). Annotations were done with clusters of orthologous groups (COG)
[63]. Manual “binning” of protein clusters shared between subsets of genomes facilitated
identification of group-specific gene clusters. Analyses resulted in a visual
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representation of the pangenome and a database of protein family annotations from the
COG database [63].

Phylogenetic trees and identification of mel operons
A concatenated alignment of the amino acid sequences of five housekeeping
genes (trpB, gyrB, rpoB, atpD, and recA) from nine plant-associated Streptomyces
strains and one Kitasatospora strain, which represents another genus in the family
Streptomycetaceae, was used to build a maximum likelihood (RAxML v7.2.8) phylogenetic tree using 100 bootstrap replicates [64]. Alignment, using MAFFT v7.017 [65],
was performed in Geneious version R7 [64]and tree building was done using RAxMLHPC Black Box (version 8.2.10) through the CIPRES Science Gateway V. 3.3 [66].
Melanin genes (melC1 (SCAB85691), melC2 (SCAB85681), melD1 (SCAB59231), and
melD2 (SCAB59241)) from S. scabiei 87.22 identified by [44] were used as queries for
NCBI BLASTP searches to identify melanin genes in all strains [44]. Alignment (MAFFT
v7.394) [65] of amino acid sequences of the melC2, melD2, melC1, and melD1 genes
from six Streptomyces strains was used to build a Maximum Likelihood tree using
RAxML-HPC Black Box (version 8.2.10) through CIPRES Science Gateway V. 3.3 (for
the tyrosinase tree) [66] or RAxML v7.2.8 through Geneious version R7 (for cofactor
tree). Housekeeping and mel trees were visualized in iTOL [67]. Among the nine
Streptomyces that we included in our analysis, six encoded at least one mel operon. All
six strains encoded the melD genes, whereas only five strains encoded the melC genes
(Figure 2.3C and D).

Tyrosinase assay
Enzymatic oxidation of L-3,4-dihydroxy- phenylalanine (L-DOPA) by tyrosinase
was monitored spectrophotometrically [68] using the BioTek Synergy Multi-Detection
Microplate Reader. Synthesis of Dopachrome was monitored at an absorbance of 475
nm. To prepare the assay, liquid cultures of each Streptomyces isolate were grown in
100 ml standard glucose-minimal salts medium with Tiger’s Milk at 30°C with shaking
for 5 to 7 days, according to Kieser et al. [71]. Approximately 20 ml of each culture was
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harvested and split between two 15-ml conical tubes, which were centrifuged for 7 min
at 3,200 × g. Supernatants were collected and kept on ice while pellets were
resuspended and washed with 10 ml of 0.1 M sodium phosphate (pH 6.8).
Resuspended cells were then centrifuged for 7 min at 3,200 × g and supernatants were
discarded. Following resuspension of cell pellets in 10 ml of 0.1 M sodium phosphate
(pH 6.8), suspensions were moved to 100 μm silica bead tubes (Ops Diagnostics 100100-01) and a 1× treatment of protease inhibitor cocktail (VWR M222-1ML) was added.
Tubes were bead beaten for 10 min at 1,560 rpm and were treated with lysozyme using
40 μl of a 100 mg/ml stock and incubated for 30 min at 37°C. Cells were then
centrifuged for 3 min at 13,000 × g and supernatants were collected, which was
considered the cell extract fraction. Supernatants were treated with 70% ammonium
sulfate ((NH4)2SO4) and incubated on ice until dissolved. After dissolution, extracellular
protein extracts were centrifuged at 4°C for 30 min at 3,200 × g. Supernatants were
discarded, and protein pellets were resuspended in 2.5 ml of 0.1 M sodium phosphate.
To remove the salt from the protein pellets, samples were applied to PD 10 desalting
columns and allowed to pass through via gravity. Before application, columns were
washed with four applications of 0.1 M sodium phosphate (pH 6.8). After desalting, total
protein concentrations were determined via the microtiter Bio-Rad protein assay.
Samples were normalized by protein concentration to 1,000 μg/ml and loaded into 96well microtiter plates, which included the following: 100 μl of cell extract or extracellular
extract all resuspended in 0.1 M sodium phosphate, 100 μl of 6.8 mM L- DOPA, and
with or without 5 mM of a tyrosinase inhibitor kojic acid (KA) [69]. For 299 supernatant
protein extractions, 6 mM CuSO4 was also added to the reaction to observe activity. KA
is known to inhibit the enzymatic activity of tyrosinase[69,70]. KA has been shown to
have a competitive inhibitory effect on monophenolase activity via copper chelation.
Additionally, KA is known to have a mixed inhibitory effect on dephenolase activity of
tyrosinase and likely inhibits tyrosinase via copper chelation at the enzyme’s active site
[70]. Controls included three replicates of wells without protein containing combinations
of 0.1 M sodium phosphate, L-DOPA, and 5 mM KA. A tyrosinase standard was also
run using lyophilized powder from Spectrum Chemical Group and 25,000 U (25 mg) of
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enzyme was diluted in 0.1 M sodium phosphate buffer (pH 6.8) and subsequent
standards were prepared in a range from 1 to 15 activity units for reads (Figure 5).
Absorbance at 475 nm was measured every minute for 3 to 11 h.

Phenolic compound challenges on agar
To determine strain resistance to phenolic compounds, standard glucose-minimal
salts medium (MM) was prepared with the addition of 0.01 g of CuSO4 and 100 ml of
phosphate buffer (NaH2PO4 at 138 g/liter and Na2HPO4 at 142 g/liter) per liter. Filter
sterilized phenolic com- pounds were added to cooled, autoclaved media at
concentrations of either 0, 0.125, 0.5, 1, or 5 mM for salicylate (salicylic acid, SA),
catechol, and ferulate (ferulic acid, FA). Twenty-five milliliters of phenol-containing agar
was pipetted or poured onto petri dishes. Once solid, 100 μl of Streptomyces strains
299, 303, CL18, and 136 standardized to OD600 of 0.01 (described previously) and
diluted 1:10 was pipetted onto solidified plates and spread with sterile beads (CFU
3
4
range: 4 × 10 to 4 × 10 ). Plates were incubated at 30°C and checked daily for CFU

formation. CFUs were counted after 4 to 7 days of incubation and recorded.

SA challenge in liquid media
Liquid cultures of each isolate were first prepared as described above with the
exception of growth medium type. Cultures were grown in liquid MM [71] with CuSO4
rather than solid LB. A spectrophotometer measured the optical density at 600 nm
(OD600) and cultures were normalized to an OD600 of 0.1. To inoculate flasks, 100 μl
of all normalized isolate resuspensions was added to sterile 125-ml flasks containing 75
ml of MM and concentrations of either 0.0- or 0.5-mM SA. These concentrations were
chosen based on results from solid media as well as previous findings from Lebeis et al.
[28]. In addition, a separate complete set of flasks was inoculated exactly as described,
with the addition of 1.5 mM KA. Three replicate cultures were prepared. Erlenmeyer
flasks were incubated at 30°C with shaking at 125 rpm for 6 days. After the 6-day
incubation, biomass was collected via 10 s vacuum filtration of each 75-ml culture on
0.2 μm filter paper. Filters were allowed to dry overnight. Three filter paper controls with
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filtered liquid media only were weighed, and biomass for each sample was calculated
based on the average mass of the control filter paper subtracted from the filter paper
with Streptomyces biomass.

Tyrosinase gene expression of 303 and 299 in seedlings
Axenic, Col-0 6- to 7-day-old seedlings were left sterile or inoculated with 303
and 299 as described above and grown for 10 days. At 10 days, individual plants were
placed in bead tubes containing 100 μm silica, 4 mm silica, and 1.7 mm zirconium
beads (Ops Diagnostics 4000-100-28). For positive controls, in vitro 25 ml of 303 and
299 cultures grown in LB for 6 days were spun down and placed in bead tubes
containing 100 μm silica beads (Ops Diagnostics 100-100-02). One milliliter of TRIzol
reagent was added to each tube, and samples were homogenized in a 2010
Geno/Grinder for 10 min at 1,560 rpm. After homogenization, tubes were centrifuged at
12,000 × g for 5 min and the supernatant was transferred to a new microcentrifuge tube.
To each tube, 200 μl of Chloroform was added, and samples were incubated for 15 min
at 4°C. Phase separation was performed by centrifugation at 12,000 × g for 5 min at
4°C. The upper aqueous phase was removed, and the RNA was cleaned using the RNA
Clean and Concentrator kit for TRIzol clean-up (Zymo R1015). RNA was converted to
cDNA using Quantabio qScript (95048-025) and PCRs were performed using 303 and
299 melC specific primers to amplify a 665-bp (303) and 525-bp (299) range inside
each isolate’s respective melC operon using the SnapGene program. Strain
303MelCFwd primer (CAGTCGGTGTCGAAGGT GTAGTG) and 303MelCRev_01205
(CACCGTTCCCCTTCCTTCC TGC) were used for 303. Strain 299MelCFwd primer
(CCGCCGTCCTGGAGCTGAAG) and 299MelCRev primer
(CATGGACCCGGTTGTGCAGGTTGAC) were used for 299. PCR conditions for 303
were 3 min at 95°C, 40 cycles of 30s at 95°C, 30s at 64°C, and 1min at 72°C followed
by 5min at 72°C. PCR conditions for 299 were 3 min at 95°C, 30 cycles of 30s at 95°C,
30s at 60°C, and 1min at 72°C followed by 5min at 72°C. Following the PCRs, a 1%
agarose gel electrophoresis was performed to verify that a 665-bp product was
specifically amplified for 303 and a 525-bp product was amplified for 299.
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Streptomyces electroporation
Streptomyces electroporation was adapted from Pigac et al. [72]. Mycelia were
grown up flasks of either 25mL of LB broth at 30°C with 1% glycine or 0.5mg/mL
lysozyme. After 2-4 days, mycelia were washed three times with 25mL ice col 15%
glycerol. After washes, mycelia were resuspended in 2mL of electroporation buffer (30%
PEG 1000, 10% glycerol, 6.5% sucrose). To electroporate, 1ul of desired plasmid was
added to 80ul of resuspended mycelia. The sample was then transferred to a 2mm
electroporation cuvette and given a 2kV electric pulse. Cells were immediately
suspended in 0.75mL of ice-cold LB. Cells were then incubated for 3 hours at 30°C.

Alternatively, Streptomyces spores were electroporated using methods adapted
from Tyurin et al. [73]. Fresh spores were grown in 25mL LB with 25mg/mL MgCl2 and
incubated at 30°C for 2 hours. Cells were harvested and washed twice with 25mL 10%
sucrose. Cells were then resuspended in 2mL of electroporation buffer described
above. Electroporation was performed the same as above for spores and mycelia.

Streptomyces conjugation
Conjugation was adapted from Flett et al. [74]. The common Streptomyces donor
strain, Escherichia coli strain ET12567, was used in conjugation experiments. ET12567
was grown in 25mL of LB with 25ug/ml chloramphenicol at 37°C overnight. Cells were
then diluted 1:100 the following day and grown up to mid log (OD600 = 0.4-0.6).
ET12567 cells were washed with 25mL of LB and resuspended in a final volume of
0.1mL. Streptomyces spores were placed in 500ul of 2xYT (16g Tryptone, 10g Yeast
Extract, 5g NaCl, 1L dH2O) media and heat shocked at 50°C for 10 minutes. After
cooling, spores were added to ET12567 at a 0.5mL:0.5mL volume ratio and mixed. The
mix was then plated on mannitol soya flour medium (20g Mannitol, 20g Soya flour, 20g
agar, 1L dH2O) with 10mM MgCl2 and incubated at 30°C for 20 hours. An antibiotic
overlay of 1mL with 0.5mg nalidixic acid and 1mg apramycin was then added and plates
were again incubated at 30°C.
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Streptomyces plasmid extraction
Plasmids were extracted from Streptomyces strains using the Qiagen plasmid kit
(ref. 12123) with modifications. Mycelia were grown up at 30°C for 4-6 days before cells
were spun down and resuspended in 8mL lysozyme buffer (50mM Tris-HCl, 10mM
EDTA, 4mg/mL lysozyme). Cells were incubated at 37°C for 30 minutes before
continuing the kit protocol.

Tyrosinase mutant generation experiments
Numerous avenues were pursued in order to generate a 303 mutant in melC and
melD to create a tyrosinase-deficient mutant. First, a standard CRISPR approach was
taken, using the pCRISPR plasmid and inserting a 20bp spacer sequence gRNA for
mid-way into both melC and melD genes. The plasmid was generated but unable to
insert into 303 cells using electroporation or conjugation methods using the conjugation
donor Escherichia coli strain ET12567.

The second approach utilized a Streptomyces specific CRISPR system using the
plasmid pCRISPomyces-2 on the novel 303 strain. For this plasmid, a construct was
made with gRNAs for melC and melD genes in order to knock out each gene
separately. Each gRNA was a 20bp sequence inside the target gene. The gRNAs were
inserted into the pCRISPomyces-2 vector using Golden Gate Assembly. E. coli
plasmids were extracted using Promega Wizard Plus SV Minipreps (ref. A1330).
Complementary 1kb sequences upstream and downstream of the target genes were
included to act as repair templates homologous recombination upon gene deletion. After
plasmid assembly, conjugation with ET12567 and electroporation techniques were used
in an attempt to insert the plasmid into the novel Streptomyces 303 strain. However,
while the plasmids were sequenced and verified, they were unable to be inserted into
the novel strain as noted by the lack of any colonies recovered.
To test plasmid insertion into a novel Streptomyces strain, a model organism
Streptomyces lividans was obtained that included the plasmid pIJ702. S. lividans has
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the melD operon in its chromosome while the other, melC, is in the plasmid pIJ702.
Plasmid extraction and purification was performed using as described above to isolate
pIJ702. Plasmid uptake into novel strains CL18 and 136 was attempted in order to
supply a single mel operon for observance of phenotypic changes in plant association.
However, the plasmid was not able to be inserted into either strain using conjugation
and electroporation techniques as noted by the lack of colonies.

The model organism, Streptomyces lividans TK24 was investigated for
understanding Streptomyces genetics as it is widely used in genetic manipulation. TK24
has only one tyrosinase gene, melD, so that gene was subsequently focused on for
deletion. Using the same pCRISPomyces-2 system as above a construct was made
with a gRNA sequence of 20bp within the gene and with a repair template of 1kb
upstream and downstream of the gene to aid in successful gene deletion. Both the
construct and the pIJ702 plasmid from above were sequence, verified, and attempted to
be inserted into TK24 using electroporation and conjugation methods. Only pIJ702 was
successfully conjugated into TK24 using conjugation, other methods were unsuccessful
at introducing DNA into a Streptomyces.

374 secondary metabolite investigation
The genome for Brevundimonas sp. 374 was downloaded from JGI and
uploaded to AntiSMASH using default settings (KnownClusterBlast, ActiveSiteFinder,
and SubClusterBlast) [75,76]. AntiSMASH uses profile Hidden Markov Models of genes
to identify gene clusters of secondary metabolites. Two Biosynthetic gene clusters
(BGCs) were identified within the genome for investigation.

Nutrient effects on 374 carotenoid production
374 was grown on minimal M9 media with different carbon sources to test the
effect of nutrient composition on carotenoid production. 50mL M9 agar (BD ref. 248510)
with MgSO4 was supplemented with 5mL of 50% solutions of either lactose, glycerol,
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sucrose and glucose. 374 was then spread onto plates with 100ul of a 0.1 OD solution
and incubated at 30°C for 2-5 days to observe changes in orange pigmentation.

Carotenoid gene expression of 374 in seedlings
Identified carotenoid genes crtY and crtB were investigated for expression in
planta. Following the methods performed for 303 tyrosinase expression, 374 crtY and
crtB gene primers were created to capture segments of both genes. Seedlings were
prepared as described above and transferred to square MS plates. Isolate 374 was
inoculated onto seedlings at an OD 0.01, and plates were incubated vertically for 7
days. Following incubation, RNA was extracted as above and converted to cDNA. crtY
and crtB primers were used to amplify carotenoid genes and show expression of them
within plant samples.

Transposon mutagenesis
Mutant library generation was performed using E. coli strain EZ193, with plasmid
pEZ16, which was a gift from the Zinser lab at the University of Tennessee Microbiology
Department. The protocol was performed following the protocol by Katherine Moccia
[87]. The donor EZ913 was struck on LB agar with 75uL of 100mM DAP
(diaminopimelic acid) along with 30ug/L chloramphenicol. Plates were incubated for 24
hours at 37°C. A Brevundimonas sp 374-166 strain tagged with mCherry was struck on
LB and incubated for 24 hours at 30°C. After incubation, EZ913 and 374-166 were
conjugated as lawns together on LB with DAP in a 1:1 concentration and incubated for
24 hours at 30°C. Then, 2mL of LB liquid was added to the plate and isolates were then
scraped gently off the plate and transferred to a microcentrifuge tube. Dilutions were
made and plated on LB with chloramphenicol plates and freezer stocks were made in
50% glycerol and frozen at -80°C.

Mutant screening and 16S sequencing
Mutants were screened for growth on antibiotic plates and altered orange
pigmentation. Colonies that were to be white or a faint orange were picked, struck onto
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new LB with chloramphenicol plates, and incubated in LB broth with chloramphenicol for
24 hours at 30°C. After liquid growth, DNA extraction was performed using Qiagen
DNeasy UltraClean Microbial Kit (ref. 12224-250). 16S sequencing was performed
using 338F and 806R primers to verify 374-166 identity.

374-166 mutant colonization assay
Arabidopsis seedlings were prepared as described above. Brevundimonas sp.
374-166 wild type (WT) and mutants were inoculated in LB with chloramphenicol for 24
hours at 30°C on the sixth day of seedling germination. Mutants included a white
colony, two faint orange colonies, and a normal orange mutant. Following the 7-day
germination period, 374-166 WT and mutants were normalized to an OD600 of 0.01 and
spread onto square MS plates 100mm x 100mm. Seedlings were then transferred to
square MS plates and incubated vertically on a diurnal cycle. After incubation, plants
were harvested as described above and plated on LB plates to perform CFU counts.
374 WT and an orange mutant were used as controls in colonization assay.

Statistical analysis
LC-MS ion counts, seedling colonization, phenolic compound challenge, culture
biomass, and plant biomass results were statistically analyzed with Prism version 7.0a
for Mac (GraphPad Software, La Jolla, CA, https://www.graphpad.com). Two-way
ANOVA with Dunnett’s multiple comparisons were used for LC-MS peak ion counts. For
seedling colonization, culture biomass, and plant biomass results, a Kruskal-Wallis with
Dunn’s multiple comparisons was used. For phenolic compound challenge, a two-way
ANOVA with a Fisher’s LSD was used to determine differences between strains at each
phenolic compound concentration.

RESULTS
Melanin production is associated with root-enriched Streptomyces isolates
When A. thaliana was inoculated with a defined bacterial community of isolates
and grown for 6 to 8 weeks, two Streptomyces isolates, 299 and 303, displayed
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enriched root endophytic compartment colonization while another two, CL18 and 136,
did not [28]. Strikingly, 299 and 303 cultures of liquid and solid media developed distinct
pigmentation in vitro, which never appear in CL18 or 136 cultures (Figure 2.1A).
Pigment produced by strain 299 was delayed and lighter in color than that produced by
303 (Figure 2.1A). The brown/black color suggested the potential production of a
melanin pigment.

Pigments produced by cultures of 303, 299, and CL18 was extracted from spent
liquid media. No pigment pellet resulted from extraction performed on spent 136 liquid
cultures. LC-MS analysis of pigments extracted from 299 and 303 indicated molecular
similarity to a synthetic melanin standard by the presence of two distinct melanin
degradation products (pyrrole-2,3-dicarboxylic acid (PDCA) and pyrrole-2,3,5tricarboxylic acid (PTCA) [58], while the CL18 samples were not significantly different
than the blank sample controls (Figure 2.1B). Overall, our findings suggest that 299 and
303 produce an extracellular melanin in vitro, while CL18 and 136 do not.

Seedling colonization is Streptomyces strain specific.
In a mixed bacterial community, our two melanin-producing strains 299 and 303
were significantly more abundant in mature roots than in inoculum, while our
nonproducing strains CL18 and 136 were not [28]. Thus, to determine if colonization
differences are observed earlier and distinguish influences of mixed bacterial
communities from individual strain capabilities, Streptomyces isolates 299, 303, CL18,
and 136 were screened for their ability to colonize A. thaliana seedlings as the sole
inoculum for 14 days (Figure 2.1C). After 2 weeks, seedlings were colonized with
significantly higher concentrations of isolates 299 and 303 than 136, whereas CL18
colonization was not significantly different from any other isolate in this monoassociation (Figure 2.1C). Importantly, plants growing in mono-association with these
strains show no signs of pathology or change in biomass even after 6 to 8 weeks of
growth with Streptomyces colonization, indicating that they are not pathogens or growth
promoting strains under these conditions (Figure 2.2). Thus, in addition to increased
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root colonization of mature plants when competing with other bacteria [28], 299 and 303
colonize seedlings better than 136, while CL18 is not significantly different from the
other Streptomyces (Figure 2.1C).

Genomes of melanin-producing strains contain genes essential for melanin
production
To reveal genetic similarities among Streptomyces strains with higher plant
colonization, we decided to compare the genomes of 303, 299, CL18, and 136 with a
selection of plant-associated Streptomyces isolates. For this analysis, we added four
additional Streptomyces strains isolated from Poplar trees. We also included the plant
pathogen S. scabiei 87.22 in this comparison for its robust colonization of A. thaliana
roots and melanin pigment production. S. scabiei 87.22 proved more closely related to
299 and 303 than CL18 or 136 (Figure 2.3A), although none of our strains are
pathogens. Besides the genome of S. scabiei 87.22, which is complete, all genomes
were estimated to be >99% complete by Anvi’o identification of four sets of bacterial
single- copy gene collections [61]. Our genome comparison revealed that 303, 299, and
S. scabiei 87.22 had larger genomes with 1,500 to 3,000 additional genes than CL18
and 136, leaving room for exploration of genes and potential gene products involved in
plant association (Figure 2.3B). Among the four additional plant- isolated Streptomyces
from Poplar trees, three had remarkably high genome identity (>93% ANI) with 303,
299, or 136 (Figure 2.3B, Table 2.3). We next performed a pangenomic analysis of the
nine Streptomyces strains to investigate conserved and unique genes across their
whole genomes. Among genes present in 303, 299, and S. scabiei, but absent in CL18
and 136 were those responsible for melanin production, providing us with the
opportunity to explore a potential link between the abilities of microbes to survive
oxidative stress and colonize plants.

BLASTP searches for genes encoding tyrosinase enzymes, which are known to
be required for Streptomyces melanin production, returned two copies in the genomes
of 303, OV320, 299, OV308, and S. scabiei, and a single copy in the genome of YR375
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(Figure 2.3C). Directly, upstream of each tyrosinase is its annotated cofactor encoding
the helper protein (Figure 2.3D) responsible for copper ion addition to tyrosinase
allowing enzymatic function [44]. Because we found multiple copies of the genes
encoding tyrosinases and their cofactors, we searched for the presence of distinct melC
and melD operons in our select Streptomyces genomes to suggest potential
distinguishable extracellular and intracellular tyrosinases [44]. Phylogenetic trees of
tyrosinase genes and helper genes cluster into two groups with a single represented
mel homolog gene from S. scabiei present in each (Figure 2.3C and D). Further, the
predicted melC1 and melC2 genes were contiguous within each genome, which was
also true for the predicted melD1 and melD2 genes. Components of the melanin operon
were not identified in the genomes of CL18 or 136. Therefore, our genome comparisons
identify two distinct mel operons in the genomes of melanin-producing strains 303 and
299.

Enzyme kinetics differentiate tyrosinase activity between Streptomyces strains
While extracellular melanin production was observed in 303 and 299 in vitro
cultures, it was unclear what the potential activity of a second tyrosinase/cofactor pair
might confer. We next sought to determine if 299 and 303 did indeed produce both
functional intracellular and extracellular tyrosinases by performing an enzymatic activity
assay on whole cell extracts and culture supernatants of all four isolates. Whole cell
(intracellular) and supernatant (extracellular) protein extracts from all four strains were
combined with tyrosinase substrate L-DOPA, and enzymatic activities were observed by
dopachrome production. While strain 303 showed enzymatic activity in the extracellular
and intracellular protein extracts, the enzymatic activity in the whole cell protein extract
was lower (Figure 2.4A). Interestingly, the tyrosinase activity demonstrated in 303
intracellular (whole cell) and extracellular protein extract could be inhibited by the
copper chelation activity of KA in vitro (Figure 2.4A). Extracellular 299 tyrosinase activity
required exogenous CuSO4 to observe activity and was slower compared with 303
extracellular tyrosinase (Figure 2.4B), corresponding to delayed pigment production in
vitro (Figure 2.1A). Intracellular 299 tyrosinase activity was similar in dynamics to
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intracellular 303 and extra- cellular 299 tyrosinases (Figure 2.4B). Finally, intracellular
and extracellular tyrosinase activity in 299 could not be inhibited with KA (Figure 2.4B).
Under similar conditions, we did not detect an enzymatic activity in CL18 or 136 cultures
(Figure 2.5). Together, our results suggest that while 299 and 303 both produce
melanin, the tyrosinase required for its production has different activity and susceptibility
to tyrosinase inhibitors in the two strains (Figure 2.4).

Survival and growth in the presence of phenolic compounds is improved in
enriched colonizers
Microorganisms living close to and within plant roots must contend with root
exudates, potentially including phenolic compounds such as SA and FA, which inhibit
Streptomyces growth [44]. SA is measurable in A. thaliana roots and seedlings while
both SA and FA are present in root exudates of A. thaliana and Avena barbata
[8,28,33]. To determine if melanin-producing Streptomyces isolates have greater
tolerance to these phenolic compounds, we counted surviving colonies of all isolates on
solid MM containing varying concentrations of catechol, SA, and FA (Figure 2.6). As
seen in Figure 2.6A, catechol challenge resulted in significantly more colonies for 303
and 299 than CL18 and 136 at 0.125 and 0.25 mM concentrations. When challenged
with FA, a lignin degradation product at concentrations of 0.125, 0.5, and 1 mM, 303
grew significantly better than all other strains (Figure 2.6B)[77]. At concentrations of
0.125, 0.25, and 0.5 mM SA, 303 grew significantly better than 299, CL18, and 136
(Figure 2.6C). Therefore, Streptomyces isolates with two functional copies of tyrosinase
are more resistant against phenolic compounds than isolates with no tyrosinases.

Isolate 303 also encodes enzymes in a Streptomyces SA degradation pathway
while similar genes were not found in the genomes of 299, CL18, and 136 [28]. To
determine if the increased resistance to SA on solid medium was due to increased
growth of 303, or increased protection from SA, we added the tyrosinase inhibitor KA
liquid minimal medium with SA and measured biomass accumulation after 6 days of
growth. Biomass comparisons of 303 indicated that SA addition does not increase
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growth (Figure 2.6D), suggesting that 303 does not have increased growth under these
in vitro conditions, but rather is protected from SA.

Influence of SA and tyrosinase on seedling colonization
Our in vitro assays demonstrate that SA directly prevents Streptomyces colony
formation (Figure 2.6A to C). To determine if SA negatively influences Streptomyces
isolate seedling colonization, 0.1 mM SA was added to seedlings during a 14-day
colonization experiment. Isolates 303 and 299, which have functional tyrosinases, were
still able to significantly colonize seedlings (Figure 2.7A). However, CL18, which does
not have a functional tyrosinase, did not colonize significantly higher than the no
bacteria control (Figure 2.7A). To establish that Streptomyces tyrosinase was
expressed and could therefore potentially protect microbes from SA during colonization,
we performed RT-PCR on A. thaliana seedlings 10 days after inoculation with 303 using
303 melC2 specific primers. Thus, we were able to demonstrate expression in 303
inoculated seedlings, which could not be detected in uninoculated seedlings controls
(Figure 2.8). Together, we see that when SA is applied to seedlings during colonization,
303 and 299 with their functional MelC and MelD maintain their colonization patterns,
while CL18 and 136 do not.

In genome comparison of nine selected Streptomyces isolates, we determined
that several isolates from Poplar trees in Oregon shared a high degree of identity with
our strains (Figure 2.3B). We found that OV320 and OV308 also produced melanin in
vitro, had two identified copies of tyrosinase in their genomes, and exhibited similar
intracellular tyrosinase activity to 303 and 299 (Figure 2.9). OK210 did not produce
melanin in vitro and did not encode any tyrosinase in its genome. When A. thaliana
seedlings were grown with these isolates for 14 days, we observed that OV320 and
OV308 colonized significantly better than OK210 (Figure 2.7B), as predicted from their
closely related strains 303, 299, and 136 (Figure 2.3B). The level of colonization when
SA was added to these mono-associations with seedlings was also similar to their close
relatives with OV320 and OV308 maintaining significant colonization, despite SA
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presence. Further, as with 136, OK210 is not significantly different from OV320 and
OV308 under these stressful colonization conditions (Figure 2.7C). Finally, we also
colonized seedlings with strain YR375, which was isolated from a Poplar tree in North
Carolina. This strain sporadically made melanin in vitro and only encoded a single
tyrosinase gene, which fell in the same clade as melD (Figure 2.3C). Because melD is
the predicted intracellular copy of tyrosinase in S. scabiei [44], we suspect the sporadic
melanin production observed occurred when cells lysed during in vitro growth. We
observed sporadic colonization with this isolate, which was significantly lower than
OV320 and OV308, but not significantly different from the no bacteria control or OK210
(Figure 2.7B). When we investigated gene clusters shared within the genomes of 303,
OV320, 299, OV308, and S. scabiei, but not YR375, CL18, 136, or OK210, we
observed that the second copy of the mel operon, which encodes the extracellular MelC
tyrosinase was exclusively shared by those strains with significantly higher colonization
of A. thaliana seedlings, even when SA was present.

374 shows enhanced plant association in mono-association
Colony forming units for Brevundimonas sp. 374 inoculated on axenic
Arabidopsis plants showed enhanced colonization relative to other strains studied in
mono-association. Colonization numbers exceed the colonization capability of 303 and
299 Streptomyces strains and indicate some level of increased root association
capability upwards of 108 CFU/g (Figure 2.10). While there are no major changes in
biomass or root morphology, 374 does give a look into what genes provide enhanced
colonization and highlights the need for research into the organism’s genome.

374 genomic investigation reveals pigment producing carotenoid genes
Genome investigation into isolate 374 showed 2 Biosynthetic Gene Clusters
(BGCs) that encode predicted secondary metabolites within the organism: a bacteriocin
and a terpene annotated with phytoene and lycopene genes. The terpene genes
showed homology with known carotenoid pigments produced by many bacterial and
plant organisms, which was supported by a bright orange pigment when the isolate is
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grown on nutrient rich media. Within the BGC, there are two core biosynthetic genes: a
lycopene cyclase that transcribes a protein with homology to known CrtY, and a
phytoene synthase family protein with homology to protein CrtB. Therefore, for these
experiments the genes within 374 will be identified by their discovered counterparts as
crtY and crtB. The predicted carotenoid operon with core genes is depicted in Figure
2.11.

Carbon source affects carotenoid production of 374 in vitro
To detect the effect of carbon source on 374 carotenoid production, M9 media
was supplemented with different carbon sources, with and without CaCl2 and with and
without casamino acids. When amino acids were added to the media, regardless of
carbon source, bright orange cells were observed indicating the presence of the
carotenoid pigment (Table 2.4). However, in media supplemented with CaCl2 but
without amino acids, 374 produced visibly white colonies on plate media depending on
carbon source (Table 2.4). Plates supplemented with glycerol, lactose, and sucrose all
appeared white while glucose and fructose both produced orange colonies (Table 2.4).
In this way, carotenoid production likely depends on carbon source availability as a way
to increase or decrease overall carotenoid production.

Carotenoid expression detected in vivo
To test the ability of 374 to produce the carotenoid in vivo with a plant host, RTPCR was performed on axenic Arabidopsis inoculated with 374. Amplification was
observed for both crtY and crtB genes, indicating that while 374 is colonizing the plant
host, it is the expression of both of these genes involved in carotenoid production. This
experiment was performed at 4-day and 7-day timepoints, with expression observed at
both times (data not shown). Therefore, expression appears at multiple times
throughout the colonization process of 374 with Arabidopsis.

Carotenoid production does not impact colonization of 374 with Arabidopsis
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Following mutant generation of 374-166, about 5,000 mutants were screened for
signs of pigment deficiency. Pigment mutants, ranging from a faint orange to white
colonies, were verified with 16S sequencing and subsequently colonized with
Arabidopsis to test impacts on colonization with visually deficient pigment production.
Isolates’ DNA was extracted after the colonization assay as well and further verified
using 16S rRNA gene sequencing to ensure isolates were Brevundimonas strains.
Across each mutant and Wild-Type (WT), there was no significant difference between
colonization numbers across isolates (Figure 2.12). To further verify these results, the
operon will need to be sequenced to locate the where the transposon insertion site is or
arbitrary PCR performed to detect which specific genes were impacted. Thus, indicating
no major effect of pigment production on colonization capability. While this contradicts
the carotenoid deficient Pantoea sp. YR343 with decreased colonization capability, it
may reflect the importance of carotenoid-producing mechanisms behind pigment
production, as opposed to the pigment itself. Furthermore, it may be explained by the
difference in carotenoid operons between the organisms. Also, this experiment used a
fluorescent light in the growth chamber, while one with UV may highlight the benefit of
the carotenoid production more favorably. However, this result is in line with a different
Pantoea sp. R4, in which the carotenoid mutant did not show a difference in
colonization phenotype [87].

DISCUSSION
Streptomyces species and select Proteobacteria are capable of colonizing the
roots of a wide variety of plant species [12–16,19,28] in geographically and geologically
diverse soils [78], emphasizing the need to understand their assembly into the root
microbiome. Select Streptomyces strains have been identified as plant growth
promoting and even disease suppressive [18], highlighting their potential applications in
agriculture. Although microbial activities associated with root colonization for more
predominant taxa, including Proteobacteria, have been elucidated, specific functions
involved in root microbiome assembly mechanisms for less abundant microbes, such as
Streptomyces are largely unexplored [18,21,79,80]. Here, we begin to investigate a set
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of plant-associated Streptomyces isolates and a Proteobacteria isolate and identify
genes in each that may influence early stages of colonization in seedlings.

Based on our ability to distinguish Streptomyces strains by degree of root and
seedling colonization, we hypothesized that genomic differences would explain strain
variation. Our comparative genomic analyses suggest distinct differences between
Streptomyces isolates. These findings highlight that functional conclusions based on
genus- level abundance from 16S rRNA gene amplicon studies inadequately capture
the organisms’ potential, as previously described for plant- associated Pseudomonas
strains [81]. Further, including the plant pathogen S. scabiei 87.22 in our genomic
comparisons revealed shared genetic factors contributing to increased seedling
colonization in our nonpathogenic, melanin- producing Streptomyces isolates.
Interestingly, Beausejour and Beaulieu [46] found that S. scabies virulence and
colonization was reduced in mutants that lost the ability to make melanin. Beyond their
role in melanin production, the tyrosinase enzymes encoded by Streptomyces are
capable of oxidizing various phenolic compounds, including SA and FA, into their
quinone form [44]. The data we present here using phenolic compounds previously
shown to induce ROS production suggest that plant-associated strains living on or near
roots with multiple tyrosinases may better resist phenolic root exudates during
colonization[29,82].

Although SA is not assimilated by Streptomyces during A. thaliana colonization, it
does influence Streptomyces assembly into a mature root microbiome through the
immune responses or direct antimicrobial activity [28,35]. In SA-containing inoculated
liquid medium, KA did not significantly influence 303 biomass accumulation, suggesting
that there are other mechanisms to alleviate SA-induced stress, such as the previously
identified SA degradation pathway in 303 or other tyrosinase products [28]. Taken
together, our genomic, in vitro, and in vivo findings emphasize that 299 and 303
tyrosinases have differential enzyme coding sequences, substrates, and products,
supporting strain-specific SA-induced oxidative stress survival adaptations. A critical
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next step is defining the role of melanin and/or MelC tyrosinase is the generation of a
targeted mutant strain. Further, such phenolic compounds are likely just one of many
potential selective pressures imposed by the plant host.

Beyond tyrosinases and melanin-pigment producing genes in Streptomyces,
carotenoid pigment producing genes in a Proteobacteria shows promise in enhancing
plant root association. Here, a Proteobacteria, Brevundimonas sp. 374, shows
colonization numbers near the ability of Streptomyces strains 303 and 299 in monoassociation. The genes responsible for the pigment production, crtY and crtB, are both
expressed during root colonization. While it is not definitively known what advantage the
pigment is bestowing on the microbe, it may be a role similar to that seen in
Streptomyces strains carrying melanin-producing genes due to the similarity in enzyme
function. 374-166 mutants that were generated via transposon insertion were used to
colonize Arabidopsis to see if pigment production impacted colonization (Figure 2.12).
These mutants, while white, still require arbitrary PCR and verification of insert location.
While there does not appear to be an impact of overall pigment production on plant
colonization, there may be other genes involved in the process of pigment production at
work. Investigation into a pigment deficient Pantoea showed the lack of carotenoid
caused membrane physiology changes, lower IAA secretion, and increased sensitivity
to ROS with a decrease in plant colonization [55]. Carotenoids have been linked to
antioxidant capability and in plant health, highlighting their useful not only to plants but
to human populations [83]. Increasing carotenoid production in plants and in food
provides a great nutritional benefit to humans and in malnourished countries [83]. There
is still much unknown about carotenoid functionality and importance in microbial
communities. Therefore, studying carotenoids in this system provides a dual benefit of
understanding plant association with microbes and in beneficial microbially produced
compounds.

Previous studies established that genomes of plant-associated bacteria were
larger than the genomes of non-plant-associated bacteria[84], which might contain a
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number of genes to aid in the transition of living in bulk soil to within plant tissue.
Likewise, we found that the Streptomyces isolates that colonize plants better have
larger genomes coding for a wide range of potential functions. We chose to focus on
mel genes based on a clear in vitro phenotype, widespread occurrence in environmental
Streptomyces isolates, and the potential links to mitigating oxidative stress. Our data
suggest that during plant colonization, melanin- producing strains are protected against
phenolic compounds commonly found in the root-soil interface during colonization
[8,33,34,77,85,86]. Likewise, this may be a similar effect seen in a Proteobacteria strain
that harbors carotenoid-producing genes. Although our four additional plant-associated
Streptomyces strains (OV320, OV308, YR375, and OK210) were isolated from trees in
Oregon and North Carolina, their colonization patterns of A. thaliana seedlings correlate
with their number of tyrosinase gene copies with significantly higher colonization in
those isolates that contain melC, not just melD. Previous studies noted that melD was
more common than melC among environmental Streptomyces [44]. The impact of this
finding is particularly interesting given that melanins are produced by a range of other
soil-isolated fungi and bacteria [37,42,57]. Understanding this new context for melanin
production advances our understanding of the complex process of root microbiome
assembly and manipulation.

As we seek new strategies to tackle the challenges of climate change-induced
crop decline, we look toward the potential of the plant microbiome. Recently, plant
drought resistance bacterial community studies identified Actinobacteria and more
specifically Streptomyces as root enriched in drought conditions [21,22]. Similarly,
Proteobacteria are seen commonly root enriched even though they are more variable
between taxa [13,28]. In order to more fully understand microbial capabilities in a
microbiome, additional strain- level genomic and in situ studies are essential. Thus, we
suggest the power of linking taxonomic identification and abundances to distinct strain
gene comparisons and product exploration. Together our findings provide opportunities
for harnessing the power of Streptomyces to improve plant health and more broadly
enhance agricultural applications and crop productivity. Similarly, these findings
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advance our understanding of what microbial genes are responsible for enhanced root
association and provide direction in the discovery of other potential genes of interest.
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APPENDIX: TABLES
Table 2. 1: This table provides a link between the Streptomyces strains that were
used in these experiments.

Supplementary
Table 2:
This table
a link
theIMG/ER
Streptomyces strains
Also, the identification
numbers
for theprovides
permanent
draft between
genomes on
that were used in these experiments and the identification numbers for the permanent
(https://img.jgi.doe.gov/mer/).
draft genomes on IMG/ER (https://img.jgi.doe.gov/mer/).
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Table 2. 2 Streptomyces’ genome investigation reveals divergent properties and
biosynthetic product predictions.
Genome features include estimated size, GC content, number of scaffolds in the
permanent draft genome, estimated gene numbers, the number of predicted copies of
the mel operon, and if isolates produce a brown pigment in standard glucose-minimal
Supplementary Table 3: Streptomyces’ genome investigation reveals divergent
salts liquid
medium
with
Tiger’s Milk,product
an amino
acid cocktail
with excess
tyrosine.
properties
and
biosynthetic
predictions.
Genome
features
includeY*
estimated
size, GC
content, number
of scaffolds
the permanent
draft genome,
indicates
that YR375
occasionally
produces
a brown in
pigment
in this medium
while the
estimated gene numbers, the number of predicted copies of the mel operon, and if
other Streptomyces
with
mel operons
consistently
make asalts
brown
pigment.
isolates producestrains
a brown
pigment
in standard
glucose-minimal
liquid
mediumEach
withwas
Tiger’s
Milk, to
an be
amino
acid
cocktail by
with
excess
tyrosine. Y*ofindicates
genome
estimated
>99%
complete
Anvi’o
identification
four setsthat
of
YR375 occasionally produces a brown pigment in this medium while the other
bacterial
single-copy
genewith
collections.
Streptomyces
strains
mel operons consistently make a brown pigment. Each
genome was estimated to be >99% complete by Anvi’o identification of four sets of
bacterial single-copy gene collections (Eren, Esen et al. 2015).
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Table 2. 3: Average nucleotide identity and alignment fraction for plantassociated Streptomyces strains.
The level of average nucleotide identity (ANI) between isolates are shown above the

Supplementary
Table 4:shades
Average
nucleotide
alignment
fraction
for
grey
diagonal line (darker
of blue
= higheridentity
shared and
identity,
white =lower
shared
plant-associated Streptomyces strains. The level of average nucleotide identity

identity).
The fraction
of the
that aligns
between
theline
isolates
areshades
shownofbelow
(ANI) between
isolates
aregenome
shown above
the grey
diagonal
(darker
blue

= grey
higher
shared line
identity,
white
=lower
shared
identity).
The
fractionwhite
of the
genome
the
diagonal
(darker
shades
of red
= higher
shared
identity),
= lower
that aligns between the isolates are shown below the grey diagonal line (darker shades
of red = higher shared identity), white = lower shared identity. Because species are
common
are considered
the same
species
et al. 2015).
defined symbols
by ANI>96.5%
and AF>60%,
strains
with(Varghese
common symbols
are considered
the same species (Varghese et al. 2015).

shared identity. Because species are defined by ANI>96.5% and AF>60%, strains with
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Table 2. 4: Changes in 374 pigment phenotype on minimal M9 media
supplemented with different carbon sources and nutrients.

Carbon
Source
Glucose
Glycerol

Lactose

Fructose

Sucrose

M9 Only
Orange
No
Growth
No
Growth
No
Growth
No
Growth

M9 +

M9 + Casamino

M9 + CaCl2 + Casamino

CaCl2

acids

acids

Orange

Orange

Orange

White

Orange

Orange

White

Orange

Orange

Orange

Orange

Orange

White

Orange

Orange

able X: Changes in 374 pigment phenotype on
minimal M9 media supplemented with different
arbon sources and nutrients.
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APPENDIX: FIGURES

Figure 2. 1: Streptomyces strains 303 and 299 produce a pigment consistent with
synthetic melanin.
A, Strains 303 (far left) and 299 (middle left) liquid cultures produce an extracellular
pigment in lysogeny broth medium. B, Liquid chromatography-mass spectrometry of
pigmented bacterial extracts indicate degradation components consistent with melanin
(gray bars, n = 13), 303 extracts (green bars, n = 3), 299 extracts (red bars, n = 3),
CL18 extracts (purple bars, n = 3), and synthetic melanin control (brown bars, n = 3).
Ion counts normalized to mass digested means are displayed with standard deviation
indicated by error bars. * Indicates significantly different from the blank controls (P <
0.0001), two-way analysis of variance with Dunnett’s multiple comparison test. C,
Axenic 7 day-old Col-0, wild-type seedlings were singly inoculated with each
Streptomyces isolate (no bacteria control [NB, blue circles], 303 [green triangles], 299
[red squares], CL18 [purple triangles], or 136 [orange diamonds], n = 6 to 9) and grown
for 14 days when seedling colonization level was determined. Different letters indicate
statistical differences using a Kruskal-Wallis with Dunn’s multiple comparison.
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Figure 2. 2: Streptomyces strains do not alter Arabidopsis thaliana biomass.
Biomass of phyllosphere (A) and roots (B) from plants inoculated with a single
Streptomyces isolate (no bacteria control (NB, blue circles), 299 (red squares), 303
(green triangles), CL18 (purple triangles), 136 (orange diamonds)) grown for 8 weeks in
pots with MES buffered MS medium was measured and did not significantly differ (n=710) by Kruskal- Wallis with a Dunn’s multiple comparison.
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Figure 2. 3: Phylogenetic and pangenomic comparison of Streptomyces spp.
indicate distinct phylogeny and overlapping genes consistent with melanin
production.
Phylogenetic and pangenomic comparison of Streptomyces spp. indicate distinct
phylogeny and overlapping genes consistent with melanin production. A, Phylogenetic
tree built using a concatenated alignment of amino acid sequences for housekeeping
genes trpB, gyrB, rpoB, atpD, and recA from nine Streptomyces strains and one
outgroup (Kitasatospora sp. OK780) (maximum likelihood, bootstrap consensus values
based on 100 iterations). B, Pangenomic comparison of nine Streptomyces isolates,
including 136 (orange), CL18 (purple), 299 (red), 303 (green), and S. scabiei (blue).
Maximum likelihood trees built using amino acid alignments of C, tyrosinase genes and
D, tyrosinase helper genes from six pigment-producing Streptomyces reveal distinct
clades that separate with a S. scabiei single annotated gene (melC1, melC2, melD1,
and melD2) falling into each clade (bootstrap consensus values based on 100
iterations).
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Figure 2. 4: Strain-specific tyrosinase activity in intracellular and extracellular
protein extracts from 303 and 299 in vitro cultures.
Dopachrome production was measured by absorbance at 475 nm for three replicate cell
pellet (top panels) and supernatant (bottom panels) protein extracts from A, 303 and B,
299, which were normalized by protein concentration following the addition of
phosphate buffer alone (open triangles), phosphate buffer and L-DOPA (closed
squares), or phosphate buffer, L-DOPA, and kojic acid (open circles). For 299
supernatant, 6 mM CuSO4 was added to observe activity. The mean and standard
deviation is displayed for each graph.
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Figure 2. 5: Strain-specific tyrosinase activity in intracellular and extracellular
protein extracts from CL18, 136, and tyrosinase control.
(A-B) Dopachrome production was measured by absorbance at 475 nm for 3 replicates
for cell pellet (top panels) and supernatant (bottom panels) protein extracts from CL18
(A) and 136 (B) following the addition of phosphate buffer alone (open triangles),
phosphate buffer and L-DOPA (closed squares), or phosphate buffer, L-DOPA, and
kojic acid (open circles). (C) Phosphate buffer with isolate protein extracts alone and
with kojic acid were used as negative controls. (D) Increasing amounts (0 units (green),
1 unit (brown), 5 units (green), 10 units (red), and 15 units (blue)) of purified tyrosinase
were added to phosphate buffer and L-DOPA as a positive control for the tyrosinase
assay. The mean and standard deviation is displayed for each graph.
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Figure 2. 6: Phenolic compound tolerance differs between Streptomyces isolate.
Strains (303, green; 299, red; CL18, purple; and 136, orange) were grown on solid
minimal media containing the indicated concentrations of A, catechol, B, ferulic acid
(FA), or C, salicylic acid (SA). In A, * indicates 303 and 299 are significantly greater than
CL18 and 136 according to two-way analysis of variance (ANOVA) and Fisher’s least
significant difference (LSD) (n = 6 to 9, P < 0.05). In B, * indicates 303 is significantly
higher than 299, CL18, and 136 according to two-way ANOVA and Fisher’s LSD, (n = 6
to 9, P < 0.05). In C, * indicates 303 is greater than 299, CL18, and 136 according to
two-way ANOVA and Fisher’s LSD (n = 6 to 9, P < 0.05). D, Biomass of 75 ml of liquid
culture grown for 6 days in buffered minimal medium with (patterned green) and without
(solid green) kojic acid (KA) with and without the addition of 0.5 mM SA. The average
biomass of the no KA, no SA control was used to normalize the biomass values
between experiments, which was run twice in triplicate, with no significant differences
found, using a Kruskal-Wallis with Dunn’s multiple comparison.
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Figure 2. 7: Differential colonization of Arabidopsis thaliana seedlings by
Streptomyces isolates with the application of salicylic acid (SA).
A, Axenic 6- to 7-day-old Col-0 wild-type seedlings were singly inoculated with each
Streptomyces isolate (no bacteria control [NB, blue circles], 303 [green triangles], 299
[red squares], CL18 [purple triangles], 136 [orange diamonds], n = 9 to 12) and grown
with 0.1 mM SA. After 14 days, plants were rinsed and seedling colonization level was
determined. Different letters indicate statistical differences using a Kruskal-Wallis with
Dunn’s multiple comparison. B and C, Axenic 6- to 7-day-old Col-0 wild-type seedlings
were singly inoculated with four plant-associated Streptomyces isolates with genetic
similarity to 303, 299, and 136 (no bacteria control [NB, blue circles], OV320 [dark green
triangles], YR375 [light green triangles], OV308 [light red squares], and OK210 [dark
orange diamonds], n = 4 to 12) and grown for 14 days B, without SA or C, with 0.1 mM
SA when rinsed seedling colonization level was determined. Different letters with b and
c indicate statistical differences using a Kruskal-Wallis with Dunn’s multiple comparison.
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Figure 2. 8: Streptomyces sp. 303 melC2 expression in A. thaliana seedlings.
Axenic 6 day-old Col-0, wild-type seedlings were singly inoculated with Streptomyces
sp. 303 and grown for 10 days along with no bacteria (NB) before RNA was extracted
from 1-2 seedlings and cDNA was generated. Agarose gel shows the results for a PCR
reaction using primers specific to the 303 melC2 gene. Following the 100bp ladder each
lane contains: Lane 1: PCR blank negative control; Lanes 2-3: cDNA generated from
303 grown in standard glucose-minimal salts liquid medium with Tiger’s Milk (an amino
acid cocktail with excess tyrosine); Lanes 4-6: cDNA generated from seedlings with no
bacterial inoculation; and Lanes 7-9: cDNA generated from seedlings inoculated with
303.
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Figure 2. 9: Strain-specific tyrosinase activity in intracellular and extracellular
protein extracts from OV320 and OV308 in vitro cultures.
(A-B) Dopachrome production was measured by absorbance at 475 nm for 3 replicates
for protein extracts from OV320 (A) and OV308 (B) cell pellets, which were normalized
by protein concentration following the addition of phosphate buffer alone (open
triangles), phosphate buffer and L- DOPA (closed squares), or phosphate buffer, LDOPA, and kojic acid (open circles). The mean and standard deviation is displayed.
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axenic Arabidopsis seedlings after 7-days.
374 is compared to the No Bacteria control (NB, black) and Streptomyces strains 303
(green), 299 (red), CL18 (purple), and 136 (yellow) (n=7-12). Asterisk (*) denotes
statistical significance of isolate compared to NB control using Kruskal-Wallis with
Dunn’s multiple comparison.
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Figure 2. 11:Predicted carotenoid operon in Brevundimonas sp. 374.
Generated using antiSMASH. Core biosynthetic genes are outlined here with predicted
function of the operon.
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Figure 2. 12: Colonization numbers (CFU/g) of an orange and white mutant of 374166 colonized with axenic Arabidopsis.
Mutants were generated viz transposon mutagenesis. Kruskal-Wallis test with post hoc
Dunn’s multiple comparisons used for statistical analysis. No significant difference
between mutant types. Only significance between mutants and no bacteria control (n=510).
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CHAPTER THREE: STREPTOMYCES STRAINS INDUCE
UNIQUE ROOT EXUDATES THAT INFLUENCE ASSEMBLY OF
BACTERIAL TAXA INTO ARABIDOPSIS THALIANA ROOT
MICROBIOMES
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ABSTRACT
Although the advent of 16S rRNA gene amplicon sequencing has revealed
common microbiome membership, it remains unclear how microbial metabolism
influences community assembly. Here, we explore the chemical shifts in root exudate
composition following colonization by four Streptomyces isolates. We also explore how
these changes might subsequently impact root microbiome assembly using comparative
genomics and in vitro co-culture. Metabolites in the plant-microbe interface might be
altered through microbial utilization of root exudates, influence on plant physiology, or
biosynthesis of new compounds. Streptomyces are metabolically productive, ubiquitous
soil-dwelling organisms known to inhabit the internal root tissue of a wide variety of plants.
We establish that Streptomyces inoculation alters the Arabidopsis thaliana (Arabidopsis)
root exudate profile with some metabolites disappearing while others appear to be
produced by either the plant or the bacterium. When Arabidopsis seedlings are initially
inoculated with a single Streptomyces isolate, we find differences in the bacterial
community acquired from low diversity subsequent inocula. However, we do not observe
Streptomyces influence in the resulting microbiome composition when a complex
microbial supernatant from a soil slurry is inoculated onto seedlings. Overall, our findings
confirm Streptomyces as consistent members of root microbiomes and suggest their
subtle influence over root microbiome community composition. Understanding assembly
processes of plant microbiomes is pivotal for improving crop physiology and overall plant
health. While several factors are associated with alterations in plant microbiome
composition, the impact of individual microbiome members on both the plant host and the
total microbial community is less well defined. Here, we examine how specific
Streptomyces strains impact seedling root exudate profiles and the resulting mature
Arabidopsis root microbiome composition. We inoculate seedlings with microbial
communities of different complexities and sources to determine the strength of the
Streptomyces influence. Although complex soil inoculum remains the primary driver of
mature root microbiomes, these studies reveal that commensal Streptomyces strains
appear to exert both positive and negative effects on high and low abundance taxa
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assembled into root microbiomes. Such knowledge has the potential to aid the translation
of science into the development of agricultural products.
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INTRODUCTION
Due to the sessile nature of plants, the microbial inocula for their microbiomes
are introduced via their surrounding soil, water, and air environments (1) with soil
serving as the primary inoculum for host plants, particularly in their below-ground
tissues (2). The selection process by which microbes from inocula join and are
maintained in plant microbiomes is mediated by both plant-microbe and microbemicrobe interactions (3), with the resulting microbial assemblages significantly
influencing host health and growth (4). Here, we untangle these interactions by
combining metabolomics and comparative genomics with amplicon sequencing data to
shed light on potential mechanisms that drive root microbial community assembly in
Arabidopsis thaliana (Arabidopsis).

Amplicon sequencing surveys of 16S rRNA genes from root microbiome studies
suggest common members across a variety of plant species belong to four dominant
phyla: Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria (5–10). This
consistency is remarkable considering the vast diversity of the soil inoculia in which roots
reside (11, 12). Among Actinobacteria, Streptomyces spp. commonly display increased
abundance in roots compared to the surrounding soil for a wide range of plant hosts (5,
6, 13). The metabolic capabilities of select Streptomyces strains contribute to host health
through their role in disease suppressive soils (14, 15), drought tolerance (16), and in
plant growth-promoting potential (17). Further, their secondary metabolites possess
distinct biocontrol capabilities (17) that allude to root microbiome sculpting potential,
suggesting their activities in the root microbiome may exceed their abundance. Even
between Streptomyces strains, root and seedling colonization of Arabidopsis varies but
is connected to plant genotype and bacterial tyrosinase gene copy number (18, 19). We
hypothesized that Streptomyces strains could alter root exudates, directly or indirectly,
when they are initially inoculated on Arabidopsis seedlings to ultimately influence mature
root microbiome composition.
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Within a complex soil inoculum, there are several factors that influence plant
microbiome community assembly, including the host immune system (18), host pathogen
infection (20), nutrient availability (21–23), salt concentration (24), and water availability
(10). To provide tractable and reproducible findings, large collections of cultured
representatives of plant microbiomes provide researchers with the tools to test
hypotheses
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representatives into synthetic communities (SynComs) (27) provides a critical middle
ground in complexity between single strain inoculation and highly complex microbial
communities found in nature (28). Plant microbiome studies using bacterial SynComs
revealed keystone species in maize and Arabidopsis (8, 29), as well as distinct nutrient
influence on individual members during alfalfa microbiome assembly (23). Here, we
initially inoculated Arabidopsis plants with one of four Streptomyces strains and
subsequently inoculated with an 11-member bacterial SynCom or supernatant from a soil
slurry (SoilSup). Plants were grown in open air to allow any microbes present in the air of
a shared reach-in plant growth chamber to colonize for 6-8 weeks. This experimental
design allowed us to examine how each of the microbial sources contributes to
membership of the root microbiome. Our results establish if inoculation with a single
bacterial strain can impact the trajectory of community assembly from air and soil
inoculation species pools by altering the plant exudate composition and overall metabolic
profile.

MATERIALS AND METHODS
Seed sterilization and germination
For all experiments, we used Col-0 accession of Arabidopsis thaliana
(Arabidopsis) plants. All seeds were surface sterilized via treatment in 70% ethanol with
0.1% Triton-X100 for 1 minute, 10% household bleach with 0.1% Triton-X100 for 15
minutes, and three washes with sterile distilled water. Seeds were stratified for 3 days in
the dark at 4oC and subsequently germinated at 24oC with 18 hours of light for 6-7 days
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on agar plates containing half strength (2.22g/L) Murashige & Skoog (MS) vitamins (MP
Biomedicals), 1% sucrose, and 1% Phytoagar (Bioworld).
Culture preparations
Streptomyces isolates were grown in Lysogeny Broth (LB) at 30oC with shaking at
150 rpm for 4-7 days. Cultures were vortexed and beaten at 1500rpm with 3mm sterile,
glass beads in the tubes for 3.5 minutes to disrupt bacterial aggregates using a
Geno/Grinder SPEX Sample Prep. All other isolates were grown in LB at 30 oC with
shaking at 150 rpm for 1-2 days. A spectrophotometer measured the optical density at
600nm (OD600), and individual cultures were normalized to an OD600 of 0.01.

Streptomyces inoculation of Arabidopsis seedlings
For inoculation of seedings, 100µL of each Streptomyces isolate resuspension
was spread on 100 mm x 100 mm square plates containing ¼ strength MS square agar
plates with no sucrose. An additional 100µL of all normalized isolate resuspensions were
plated on LB and incubated at 28oC for 4-7 days to quantify colony forming units (CFUs).
Inoculum ranged from 1x102 to 3x104 CFU/mL. Inoculated plates, as well as no bacteria
controls, were allowed to dry and 4-5 seedlings were aseptically transferred onto each
plate with flame-sterilized tweezers. Plates were sealed with Parafilm® M Laboratory Film
and randomly stacked vertically in open wire trays, which were grown at 24 oC with 18
hours of light for 7 days. Every two days, root length was observed and plates were
shuffled (Figure 3.1A, B). After 7 days, seedlings were harvested to determine
colonization levels were determined for each isolate (Figure 3.2A).

Metabolic modeling
Genomes of the four Streptomyces isolates 299, 303, CL18, and 136 were
downloaded from JGI IMG/M ER (30). Metabolic modeling and flux balance analysis
(FBA) was performed using applications in the DOE KBase (May 2020 versions of
applications) (31). The genomes were imported into KBase and annotated using RASTtk
with the ‘Annotate Microbial Genome’ App. Annotated genomes were then run through
the ‘Build Metabolic Model’ application, using a custom made glucose minimal media for
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gapfilling (0.5g L-asparagine, 0.5g K2HPO4, 0.2g MgSO4 7H2O, 0.01g FeSO4 7H2O, 10g
glucose) and the Gram-positive template for reconstruction. A secondary gapfilling
(‘Gapfill Metabolic Model’ App) was then performed on all four models using a custom
made media representing MS medium. The beta version of both the ‘Build Metabolic
Model’ and ‘Gapfill Metabolic Model’ applications were used because at the time of
analysis (May 2020), the beta version was corrected for ATP flux errors present in the
released version. The resulting metabolic models were then run through the ‘Run Flux
Balance Analysis’ app using the MS medium from the prior gapfilling step. The resulting
compounds and reactions list for each FBA was downloaded and compared outside of
the KBase system (data not shown). Comparisons between isolates were done using the
‘uptake’ and ‘min_uptake’ columns.

Preparation of culture media and root exudate samples
Seedlings were prepared as described above for sterilization and germination.
Streptomyces isolates (i.e., 299, 303, CL18, and 136) were grown for 4-6 days and
prepared as described above. We also included seedlings inoculated with an unrelated
proteobacteria Brevundimonas sp. 374 as an additional control. In 12-well plates, 2mL of
¼ MS with no sucrose was added to each well along with 15-20 Arabidopsis seedlings.
No plant controls were also prepared with only ¼ MS with no sucrose. After 24 hours, the
liquid from the 6-well plates was collected and vacuum centrifuged to evaporate liquid as
controls for both plant and no plant control samples.

Isolates were added to remaining wells to an OD of 0.01. Five replicates were
performed for each isolate (299, 303, CL18, 136, and 374), as well as no bacteria (NB)
controls for plant and no plant samples. Seedlings were grown for 6 days with 18 hours
of light and shaking inside the growth chambers. Tissue was harvested, snap frozen in
liquid nitrogen, and stored at -80oC. Liquid samples were collected and vacuum
centrifuged until all liquid was evaporated. Dried samples were processed by the
Biological and Small Molecule Mass Spectrometry Core at the University of Tennessee,
Knoxville.
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Metabolite samples were extracted with a solution of 20:40:40 water/methanol/
acetonitrile with 0.1M formic acid following the procedure previously reported (32). After
extraction, samples were dried under a stream of nitrogen and then were reconstituted in
ultra-pure water and prepared to be run on an ultra high-pressure chromatography Dionex
LC system. A Phenomonex Synergi Hydro PR (100 mm x 2.0 mm, 2.5 µm pore size,
Phenomonex, Torrance, CA) was utilized to separate the extracted metabolites. The
untargeted metabolomics method, adapted from Lu et al. (32), was run for 26 minutes
with the applied multi step gradient. The mobile phases used to separate the analytes
were A) 97:3 water/methanol with 11mM tributylamine and 15 mM acetic acid; and B)
methanol at a flow rate of 0.2 mL/minute. The gradient was run as follows: 0 minutes, 0%
B; 5 minutes, 20% B; 13 minutes, 55% B; 15.5 minutes, 95% B; 19 minutes, 0% B; 25
minutes, 0% B. Samples were analyzed utilizing electrospray ionization (ESI) probe
attached to an Exactive Plus Oribtrap Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA) and was operated in negative mode with a scan range from 72 to 1,2000
m/z and a resolution of 140,000. The raw files were converted to mzML then processed
using Metabolomic Analysis and Visualization Engine (MAVEN) where metabolites were
chosen based on peaks shape and signal-to-noise-ratio. Data from MAVEN was
normalized by weight (data not shown). Normalized ion counts were then converted to
relative abundances for each sample and used as input for Principal Coordinate Analyses
(PCoAs). PCoAs were performed in the PAST software (version 3.25, (33)) using
Euclidean distances and a transformation exponent of 2. The resulting distance matrix
was exported and visualized in Graphpad Prism (version 8, GraphPad Software, La Jolla
California USA, www.graphpad.com).
Colorimetric auxin assay
Auxin production was determined as described by Szkop et al. with some
modification (34). Streptomyces isolates were grown from spore stocks inoculated in
25mL of LB broth. After a 4-6 day incubation at 30oC, Streptomyces cultures were bead
beaten with 3mm glass beads and inoculated into 10 mL LB with 1% Tryptophan added.
Cultures were incubated at 30oC with shaking at 150 rpm for 2-3 days. After incubation,
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cells were removed from culture by centrifugation at 4,000 x g for 10 minutes. After
centrifugation, 1mL of supernatant was removed from each tube and incubated with 2mL
of Salkowski reagent (35% H2SO4 and 10mmol FeCl3) in the dark at room temperature
for 30 minutes. Following incubation, 100µL of each supernatant mixture or uninoculated
medium was added to a clear, flat-bottom 96-well plate and absorbance was measured
at l = 540nm for each sample (Figure 3.1C).

Genome comparison and biosynthetic gene cluster identification
To perform comparative genomics, all genomes (i.e., 299, 303, CL18, 136, 2, 374,
181, 40, 50, and CL11) were downloaded from JGI IMG/M ER (30). Genomes were mined
using JGI IMG/M ER query tools and the antibiotics and Secondary Metabolites Analysis
Shell (antiSMASH, v5), with default options selected (i.e., KnownClusterBlast,
ActiveSiteFinder, and SubClusterBlast) (35). AntiSMASH utilizes profile Hidden Markov
Models of genes to identify all gene clusters encoding potential secondary metabolites
from all known chemical classes. Gene clusters were generated from complete IMG fasta
nucleic acid sequences of genomes from these isolates (Table 3.2).

Co-culture microbe-microbe interactions
Streptomyces isolates were grown as described above in LB. After 4-7 days of
incubation, 2mL of each Streptomyces culture were taken and beaten with 3mm glass
beads for 2.5 minutes using the Geno/Grinder SPEX Sample Prep. OD600 was measured
using a spectrophotometer and cultures were normalized to an OD 600 of 0.1. Co-culture
assays were adapted from Vargas-Bautista et. al (36) and performed on LB, 1/10th LB,
or M9 (ref. BD 248510) minimal salts with glucose (11.28g/L 5X M9 + 0.2mL 1M MgSO 4
+ 20mL of 10% casamino acids (BD 223120) + 20mL of 20% glucose for 1L). Using a
multichannel pipette to evenly place culture spots 1 cm apart from each other, three 15µL
spots of each non-Streptomyces challenge isolate were plated perpendicular to two 15µL
spots of Streptomyces isolates on the agar plate surface. The plate was then incubated
overnight at 28oC. Colony formation was monitored every 3 days for 9 days. Challenge
strains were selected to pick a representative from each of the other three major plant
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microbiome phyla (i.e., Bacteroidetes, Firmicutes, and Proteobacteria) with sequenced
genomes and previous SynCom inclusion (18, 22, 37, 38).

Synthetic community (SynCom) selection and preparation
To build our SynCom, we began by including each of the 6 isolates used in the in
vitro co-culture experiment. We also decided to include in our SynCom two isolates with
previously demonstrated low seedling colonization, Escherichia coli DH5a and
Deinococcus sp. TN56 (18, 23), an additional Burkholderia (Burkholderia sp. TN8), an
additional Pseudomonas (Pseudomonas sp. TN19), and an additional Firmicutes strain
(Bacillus sp. A415) (Table 3.3). These additions allowed us to distinguish species-level
differences in colonization beyond patterns set by genus or phylum. The SynCom
inoculum was created by growing each member in liquid LB, normalizing to an OD 600 of
0.01, and creating a mixed inoculum containing 1mL of each member. Freezer stocks of
this SynCom were created by combining 200µL of the mixed bacterial community with
200µL 80% glycerol, then snap freezing in liquid nitrogen, and storing them at -80oC. Prior
to seedling inoculation, a frozen stock was thawed, centrifuged, and resuspended in LB
for growth at 30oC with shaking at 150 rpm for 2 days. This incubation allowed isolates to
be actively growing at the time of their inoculation. After 2 days, the mixed culture was
normalized to an OD600 of 0.01 in MES (5mL of 0.5M 2-(N-morpholino) ethanesulfonic
acid buffered to pH 5.7 with KOH + 1.11g MS Salts + 0.5mL 1000X Gamborg’s B5
Vitamins) buffer and inoculated onto seedlings as described below.

Wild soil slurry supernatant (SoilSup) preparation
Wild soils were collected from Oak Ridge National Laboratory and an aliquot was
prepared by filling a sterile centrifuge tube to 20mL. 100mL of water was added to an
autoclave bottle with a stir bar and sterilized. To generate the soil supernatant (SoilSup)
inoculum, the aliquot of wild soil was added to the water and allowed to stir uninterrupted
for 1.5 hours. The soil slurry was removed from the magnetic stir plate and allowed to
settle for 1-2 minutes. 250µL of the resulting supernatant liquid above the sediment was
collected and added to sterile freezer stock tubes with 250µL 60% glycerol, snap frozen
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in liquid nitrogen, and stored at -80oC. The day of inoculation, freezer stocks of SoilSup
were thawed and centrifuged at 13,000 x g for 1 minute. Glycerol-containing freezer stock
medium was removed and the SoilSup pellet was resuspended in 2mL sterile water.
OD600 was measured using a spectrophotometer and SoilSup inoculum was normalized
in ¼ MS buffered with sterile MES to an OD600 of 0.01. Resuspensions were then used
as subsequent inoculum as described below.

Two-step seedling inoculation, plant growth, and tissue harvest
Arabidopsis seedlings were grown on sterile or single Streptomyces strain
inoculated ¼ MS plates as described above. Following 7 days of vertical growth,
Arabidopsis seedlings were aseptically transferred to individual three-inch square pots
with 64 mL of sterile calcined clay (Pro’s Choice Rapid Dry). Pots contained 50mL of
either: 1) uninoculated ¼ MS buffered with MES (NB), 2) our 11-member SynCom in ¼
MS buffered with MES (SynCom), or 3) soil supernatant in ¼ MS buffered with MES
(SoilSup). All pots were grown in open air, allowing for microbes in the ambient air of the
reach-in growth chambers to be assembled into the root microbiome communities.

Plants were watered every 2-3 days from the top with sterile, distilled water and
grown open-air in growth chambers (Percival, model: AR41L3C8) with 10 hours of light
at 22oC and 14 hours of dark at 18oC to prolong flowering and extend the period of
vegatative growth. After 6-8 weeks of growth, plants were aseptically harvested when
inflorescence began to emerge. Whole plants were submerged in 25mL of sterile
harvesting phosphate buffer (6.33g of NaH2PO4*H2O, 16.5g of Na2HPO4*H2O) with
0.01% Silwet (Lehle Seeds) and vortexed vigorously for 10 seconds. Roots and rosettes
were separated with sterile forceps and transferred to sterile centrifuge tubes and
weighed. Roots were rinsed three times with sterile distilled water and snap-frozen in
liquid nitrogen. Frozen roots were lyophilized overnight (LABCONCO FreeZone 6 catalog
number 7753020; drying chamber: short clear chamber with valves, catalog number
7318802). After lyophilizing, roots were homogenized via bead beating in the
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Geno/Grinder SPEX Sample Prep with sterile 3mm glass beads or garnet beads for 2.5
minutes.
DNA extraction and 16S rRNA gene amplicon sequencing
DNA was extracted from homogenized plant roots using the Mo Bio PowerSoil kit
(now a Qiagen product, DNeasy Powersoil Kit 12888-100). DNA concentration was
quantified with the Quant-iT PicoGreen dsDNA Assay Kit and fluorospectrometer.
Polymerase chain reaction (PCR) was performed in triplicate and with a negative control
to ensure absence of contamination. A mixture of two peptide nucleic acid (PNA)
blockers, which bind to plant host plastid and mitochondrial 16S rRNA genes (i.e., pPNA
and mPNA from PNABio), were used to minimize amplification of host DNA. The
University of Tennessee, Knoxville Genomics Core performed library preparation using
the Illumina preparation kit and sequenced the samples. Based on previous findings of
high-quality reads, 16S rRNA gene barcoded V3-V4 Illumina primer sets with Illumina
adapters were utilized for PCR reactions (39) and sequenced by Illumina MiSeq®
pyrosequencing. Index PCR reactions used Nextera XT forward and reverse index
primers. A 600-cycle flow cell was used with paired-end reads at length 275bp. Raw
sequences were deposited in the Sequence Read Archive under Bioproject accession
number PRJNA693844.
Amplicon sequence variant (ASV) analysis in QIIME2
The in silico tool used to perform the 16S rRNA gene microbial analysis was QIIME
2. QIIME 2 is an open source, extensible, and decentralized microbiome analysis
package with a focus on data and analysis transparency (40) (www.qiime2.org). Data files
were imported into the .qza file format using the QIIME tools import command. The
software package FastQC was used to visualize the quality metrics of the sequences and
determine the appropriate places to trim and truncate the reads in order to ensure the
highest quality reads. Based on quality plots, each read was trimmed from the 5’ end by
15 base pairs and truncated to 250 bp. To perform trimming and truncating, the QIIME
DADA2 (41) denoise-paired command was run and two tables were generated: an
Amplicon Sequence Variant (ASV) table and a representative sequences table (42). The
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QIIME alignment MAFFT and mask commands were used to perform a multiple sequence
alignment and to mask highly variable regions found. The QIIME phylogeny FASTREE
and midpoint root command were used to create a mid-point rooted phylogeny. The
QIIME phylogeny midpoint-root command was run to create a mid-point rooted
phylogenetic tree. The QIIME diversity core-metrics-phylogenetic command was carried
out with a uniform sampling depth of 2,000, allowing inclusion of 98% of samples, which
generated beta diversity metrics as well as plotting capabilities (e.g., weighted UniFrac
and principal coordinate analysis). To infer taxonomy, a Naïve-Bayesian classifier was
generated with SILVA V132, a 16S rRNA gene reference database (43). This classifier
was then trained against reference ASVs with the QIIME feature-classifier fit-classifiernaive-bayes command. Taxonomy was built using the QIIME feature-classifier classifysklearn command on the representative sequences file. Although mitochondrial and
plastid PNA blocker were used in the amplicon library preparation, plant reads remained,
and thus these ASVs were manually removed. PCR blanks were run for quality control.
These samples generated less than 100 reads each, which were subtracted from ASV
counts in the read table. Samples ranged in read depth from 88,375 reads to 109,765
reads (Table 3.4).

Statistical analyses
Results for Figures 3.1, 3.2, 3.7 and 3.9 were statistically analyzed with Prism
version 8.0 for Mac (GraphPad Software, La Jolla California USA, www.graphpad.com).
Differences in Streptomyces CFU from seedlings were detected by Kruskal-Wallis test
with post hoc Dunn’s multiple comparisons as previously performed (19). For Figure 3.2C,
the discovery of which metabolites differ from the NB controls was performed by using an
unpaired t-test for each inoculated sample type followed by a two-stage Benjamini,
Krieger, and Yekutili False Discovery Rate procedure (results in Table 3.1). For Figure
3.5, a Hill numbers approach for understanding microbiome diversity (44, 45) was used
to discern differences in alpha diversity amongst inoculation treatments (46). For read
counts in Figures 3.7B, 3.7C, 3.9B, and 3.9C, 1-way ANOVA with post hoc Tukey’s
multiple comparisons were performed. Indicator species analysis was run using the
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relative abundances of ASVs found in at least 3 samples from plants inoculated with
SynCom or SoilSup inocula, as well as NB plants using the R package indicspecies with
50,000 permutations (47).This analysis determined ASVs associated with specific
pretreatments and post treatments using a point biserial correlation coefficient.

RESULTS
Differential Streptomyces isolate seedling colonization
Streptomyces colonize the root systems of a variety of plants with several strains
able to produce compounds that influence plant health and microbial growth (7, 17, 48).
We hypothesized that different Streptomyces isolates would differentially shape the
chemical landscape surrounding root systems by altering plant physiology, and by
extension, root microbiome assembly. To test this hypothesis, we performed 1 week
plant-microbe colonization assays of Arabidopsis seedlings inoculated with each of four
Streptomyces strains (i.e., 299, 303, CL18, and 136) to reveal distinct root morphology
(Figure 3.1A, B), levels of colonization (Figure 3.2A), and root exudate profiles (Figure
3.2B, 1C, 3.3A). Our four Streptomyces isolates differentially colonized Arabidopsis when
they were the sole seedling inoculant for two weeks on solid medium (19), as well as
when they were all included in a 38-member mixed bacterial community growing in
calcined clay in pots for 6-8 weeks (18). In these 1-week experiments, we observe similar
results to the previous experimental designs, with 299 and 303 colonizing to a significantly
higher degree than 136, and CL18 indistinguishable from any of the other isolates (Figure
3.2A).

Predicted and detected metabolites present during Streptomyces colonization
Genomic comparisons revealed that Streptomyces strains with higher Arabidopsis
colonization (i.e., 299 and 303) have larger genomes and a greater percentage of genes
predicted to be involved in biosynthetic gene clusters (BGCs) than those that did not (i.e.,
CL18 and 136) (Table 3.2). To explore the metabolic potential of each Streptomyces
isolate, we performed metabolic modeling and flux balance analysis (FBA) using the DOE
KBase environment. The majority of predicted compounds and reactions in FBAs
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simulated on MS medium, which was used for colonization experiments, were shared
between all 4 Streptomyces isolates (Figure 3.3B, C). FBAs for isolates 299 and 303,
which consistently colonize Arabidopsis at the highest levels (Figure 3.2A), found that
only 2-3% of predicted compounds and 6-8% of predicted reactions were uniquely shared
by these isolates (Figure 3.3B, C). In order to determine which predicted differential
metabolites and reactions might be relevant to our seedling colonization system, we
performed metabolomics on roots exudates harvested from inoculated seedlings.

To explore differences in root exudation following Streptomyces inoculation, we
performed untargeted metabolomics on Arabidopsis seedlings after 7 days of inoculation,
as well as uninoculated plants and no plant controls (Figure3.3A). Overall, we find that
seedlings inoculated with 299 or 303 are distinct from all other seedling samples (Figure
3.2B), as well as no plant control samples (Figure 3.3A). Among the total detected
metabolites, 104 matched verified compounds in the facility library with 19 verified
compounds differing in normalized ion counts between inoculated and uninoculated
seedlings (Figure 3.2C). Some metabolites appear to decrease with any inoculation, such
as glycolate and pyroglutamic acid, (Figure 3.2C (I)) while allantoin ion counts decreased
when 299, 303 or CL18 are inoculated onto seedlings (Figure 3.2C (II)). This result is
congruent with the predicted compound flux from the metabolic modeling, which predicted
that 299, 303, and CL18 could take up and utilize allantoin.

We also observed ion count increases for compounds in inoculated samples. For
example, sulfolactate increases when 299, 303, or CL18 are inoculated onto seedlings
(Figure 3.2C (III)). There are another two groups of metabolites that increased in
seedlings inoculated with 303: 9 are shared when 299 is inoculated onto seedlings (Figure
3.2C (IV)) and 6 are unique to 303 inoculation (Figure 3.2C (V)). Because we fail to detect
these differences in the no plant control samples (Figure 3.3A), we predict that the
differences we observe in exudates of seedlings inoculated with 299 or 303 require the
interaction between these isolates and Arabidopsis. While the majority of the identified
compounds did not specifically mimic our metabolic modeling outputs, we hypothesize
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this is due to modelling gaps, variation between steady-state (i.e., FBA) and dynamic
biological systems (i.e., metabolomics). The subset of metabolites with increased
normalized ion counts in 299 or 303 inoculated seedlings includes: defense related
phytohormones (i.e., salicylate and jasmonate), multiple compounds involved in
glyoxylate metabolism, and indole-3-carboxylate (Figure 3.2C (IV)). We hypothesized that
the increase in defense phytohormones and glyoxylate metabolism are the result of
increased seedling colonization and the subsequent interactions driven by these two
isolates. Therefore, we decided to further investigate the ability of 299 and 303 to produce
indole-3-acetic acid (IAA), a phytohormone, which is also a microbially produced
compound associated with increased plant colonization (49) that can be degraded into
the indole-3-carboxylate we detected (50).

IAA production by Streptomyces strains 299 and 303
As compared to control uninoculated seedlings and those inoculated with isolate
CL18, seedlings grown with 299 and 303 appear to result in more lateral roots and less
primary root length (Figure 3.1A, B). Interestingly, seedlings grown with 136 resulted in
primary roots that were longer than those associated with 299 and 303 but had more
lateral root growth than those associated with CL18 (Figure 3.1A, B). However, root
biomass and phyllosphere biomass did not significantly differ between control and
inoculated plants, even after 8 weeks of growth (19), suggesting that Streptomyces
strains do not individually influence plant biomass accumulation in the conditions tested.

Plant- and microbe-derived auxins increase lateral root growth and inhibit primary
root growth (51). Hence, the phenotype of plants colonized with 299 and 303 appeared
to mimic the effects produced by auxin exposure (Figure 1A, B). To determine if our
Streptomyces strains produce IAA, the colorimetric IAA assay described by Szkop et al.
(34) was performed on the supernatant of each isolate grown in liquid media
supplemented with tryptophan. Isolate 303 produced significantly more IAA than 299,
CL18, and 136, and 299 produced significantly more IAA than CL18 and 136 cultures
(Figure 1C). Together, these findings suggest 299 and 303 may produce IAA during
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seedling colonization. To identify additional relevant metabolites that may be present
during seedling microbiome assembly, it was necessary to compare the genomes of each
Streptomyces isolate.

Secondary metabolic profiles of Streptomyces reveal differences between isolate
potential and antibiosis capability
To explore potential Streptomyces-derived compounds, we used antiSMASH
((35), v5) to predict the secondary metabolites produced by each isolate. Streptomyces
strains with higher levels of seedling colonization, 299 and 303, are predicted to encode
33 and 28 BGCs respectively, while CL18 and 136 are only predicted to encode 14 and
15 BGCs (Figure 3.4A). Streptomyces isolates 299 and 303 were predicted to possess 2
copies of melanin BGCs (Figure 3.4A), which was previously confirmed in vitro (19).
Interestingly, only 303 was predicted to have distinct phenazine clusters (Figure 3.4A),
which can mediate antibiosis or antibiotic tolerance (52). Matches to other previously
identified antimicrobial clusters were also present in each Streptomyces isolate,
suggesting the possibility of antibiosis with other microbes. With the diverse metabolic
potential of these four Streptomyces isolates and predicted products relevant to plant
association, we hypothesized that they could shape microbial communities via direct
microbial interaction.

In vitro co-culturing suggests Streptomyces strains influence and are influenced
by other microbes directly
To determine if Streptomyces might influence the growth of bacteria from the other
dominant plant colonizing phyla (i.e. Bacteroidetes, Firmicutes, and Proteobacteria), we
co-cultured our four Streptomyces strains on 3 different agar types with 6 genomesequenced bacterial isolates previously included in Arabidopsis colonization studies ((18,
37); Table 3.2, 3.3). Using perpendicular culture spots, isolates were grown 1cm apart
from each other to limit the effect of nutrient acquisition and growth rate as the sole cause
of observable interactions. While 303 and CL18 each inhibited four of the six tested
bacterial strains, 299 only inhibited two, and 136 inhibited none (Figure 3.4B). Isolates
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299, 303, and CL18 each inhibited the growth of proteobacterial strains Rhizobium sp. 2
and Burkholderia sp. CL11. Isolates 303 and CL18 each inhibited the growth of
Bacteroidetes member Flavobacterium sp. 40 and Proteobacteria Brevundimonas sp.
374. Interestingly, 299 and 136 each promoted the growth of strain 374 (Figure 3.4B).
Therefore, these in vitro co-culture assays demonstrated that these four Streptomyces
isolates were capable of predicted antibiosis, but also growth promotion of particular nonStreptomyces strains.

Among the non-Streptomyces strains, Paenibacillus sp. 181 and Pseudomonas
sp. 50 inhibited the growth of the most isolates, including all 4 Streptomyces isolates
(Figure 3.4B). When we compared the genomes and biosynthetic potential of these 6
non-Streptomyces isolates, 181 had 25 BGCs and 50 had 13 BGCs (Figure 3.4A).
Burkholderia sp. CL11 also had 13 BGCs (Figure 3.4A), but it only inhibited the growth of
Streptomyces sp. CL18 (Figure 3.4B). Brevundimonas sp. 374, which is only predicted to
encode a bacteriocin and a terpene (Figure 3.4A), was able to inhibit the growth of the
Bacteriodetes isolate Flavobacterium sp. 40 (Figure 3.4B). Finally, although Rhizobium
sp. 2 is predicted to encode 6 BGCs (Figure 3.4A), it did not instigate growth alterations
for any of the other strains tests. Together, these data suggest that while the ability to
influence the growth of other microorganisms generally positively correlates with genomeencoded BGCs, the types of BGCs require further investigation to more specifically
identify the active compounds driving these phenotypes. Further, we do not know if any
of these BGCs are expressed during seedling colonization or the mechanism behind
those that may be conferring an advantage to one isolate over another. Therefore, we
next investigated if our four Streptomyces isolates influenced the assembly of other
bacteria into mature root microbiome communities.

Inoculum complexity affects microbial community membership more than
Streptomyces initial inoculation
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To determine the impact of our four Streptomyces strains on subsequent root
microbiome assembly, we first inoculated sterile Arabidopsis seedlings with single
Streptomyces strains. We then transferred seedlings into pots containing sterile calcined
clay subsequently inoculated with nothing (No Bacteria, NB), a SynCom of 11 bacterial
isolates (Table 3.3), or soil slurry supernatant (SoilSup) inoculum (Figure 3.5A). The
composition of our SynCom included the 6 bacterial isolates characterized for their coculturing in vitro in Figure 3.4 (i.e. 2, 50, CL11, 374, 181, and 40), as well as two poor
plant colonizers (i.e. E. coli and Deinococcus sp. TN56), a Pseudomonas in addition to
Pseudomonas sp. 50 (i.e. Pseudomonas sp. TN19), a Burkholderia in addition to
Burkholderia sp. CL11 (i.e. Burkholderia sp. TN8), and a Firmicute in addition to
Paenibacillus sp. 181 (i.e. Bacillus sp. A415) (Table 3.3). After 6-8 weeks of open-air
growth in a common reach-in plant growth chamber, where microbes from the
surrounding air could also be acquired by plants, the assembled root microbiome was
determined using 16S rRNA gene amplicon sequencing. There was a total of 146
samples included in our analysis, grouped according to initial (e.g. no bacteria (NB), 299,
303, CL18, or 136) and subsequent (e.g. NB, SynCom, or SoilSup) inoculum, resulting in
15 different treatments (Figure 3.5A), as well as the SynCom and SoilSup inocula
samples.

We examined the alpha diversity of assembled mature root microbiomes using a
Hill numbers approach, which generates the effective number of species with increasing
weight given to abundance as order of q increase. We observed that the SoilSup inoculum
samples had the highest effective number of species at all orders of q (Figure 3.5B), which
was significantly higher than most other sample types (Table 3.5). The only sample type
that was not less diverse was root microbiome samples from plants that did not receive
subsequent inoculum at q=0 (Table 3.5). When q=0, rare and common taxa are weighted
equally. This suggests that SoilSup inoculum and root samples from plants that received
no subsequent inoculum possess indistinguishable reads from low abundance taxa.
Interestingly, the root microbiomes of several groups of samples that received NB as the
secondary inoculum have higher alpha diversity than samples that received SoilSup at
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q=0 (Table 3.5). However, as orders of q increase, and thus more abundant taxa are
weighted more heavily, this phenotype inverts, and roots that receive SoilSup are more
diverse than those that receive no subsequent inoculum (Figure 3.5B). We predict this
phenotype reflects the number of low abundance taxa assembled into root samples when
no subsequent inoculum is provided to seedlings. Together these results suggest that
while fewer organisms assemble into root microbiomes from SoilSup than NB samples,
the organisms that do assemble are more abundant.

We next used a weighted UniFrac distance matrix to generate a principal
coordinate analysis (PCoA) for beta diversity comparisons to reveal differences between
sample types. Notably, there is a clear impact of secondary inoculation (e.g. NB, SynCom,
and SoilSup) on the assembled communities (Figure 3.5C). While root microbiome
samples with no subsequent inoculum (NB, grey) were scattered, seedlings inoculated
with SynCom and SoilSup formed distinct groups (Figure 3.5C). No obvious differences
were observed when considering the primary inoculation with any Streptomyces strain for
any subsequent inoculum group (Figure 3.6), suggesting that subsequent inoculation
contributes more to the overall resulting mature root microbiome composition than initial
Streptomyces inoculation.

In low complexity inoculum, Streptomyces spp. alter the ability of air-acquired taxa
to assemble into root communities
At the phylum level, Actinobacteria and Proteobacteria dominated all assembled
root communities, but we again did not observe differences between samples initially
inoculated with a Streptomyces isolate (Figure 3.7A, D, E). When we looked at the
abundance of each Streptomyces isolate in these samples, 299 had the highest relative
abundance, which decreased as the complexity of subsequent inoculum increased from
NB to SoilSup (Figure 3.8A). Interestingly, 299 and 303 reads were present in more
samples than CL18 and 136 in samples that received SynCom or SoilSup (Figure 3.6A),
suggesting better persistence following subsequent inoculation.
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We detected a number of ASVs that were not present in SynCom or SoilSup
inoculum samples, which we inferred were assembled into the root microbiomes from the
ambient air in their common plant reach-in chamber. Our Indicator Species Analysis
identified a Methylobacterium ASV and a Paenarthrobacter ASV were more likely to be
present in root samples that received no subsequent inoculum. We also identified 32
ASVs from the Microbacteriaceae family that were absent in the SynCom and SoilSup
inoculum samples that were commonly found in root microbiome samples of all treatment
groups (Figure 3.8B). From reads pooled for these 32 ASVs, we found that
Microbacteriaceae abundance was higher in samples that received SoilSup compared to
SynCom samples (Figure 3.7B), suggesting that a member (or members) of the SynCom
may prevent colonization by these Microbacteriaceae. Samples that received no
subsequent inoculum were too variable to observe any significant differences in
Microbacteriaceae reads with the subsequent inoculum groups (Figure 3.7B). When we
further investigated those plants that received no subsequent inoculum, we discovered
that samples initially inoculated with 136 had significantly more Microbacteriaceae reads
than any other initial inoculation group (Figure 3.7C) although this difference was not
observed

in

SynCom

or

SoilSup

samples.

We

do

not

predict

decreased

Microbacteriaceae colonization is caused by seedling colonization with 299, 303, or CL18
because samples initially inoculated with 136 are also higher than the NB initial inoculum
controls. Thus, we suggest that 136 colonized seedlings produce a metabolite that
increases the ability of these Microbacteriaceae ASVs to colonize Arabidopsis. While
there were no metabolites from the compound library that increased in ion counts for
seedling inoculated with 136 (Figure 3.2C), there are 4 compounds and 20 reactions
predicted by our metabolic modeling that are unique to the 136 isolate (Table 3.1).
Together, these data demonstrate that initial Streptomyces inoculation impacts the ability
of microbes present in the ambient air to invade root microbiomes in the absence of
SynCom or SoilSup communities.
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Streptomyces strains impact the ability of low abundant SynCom members to
establish in a mature root microbiome
When we examined the capability of the individuals in our 11-member SynCom to
assemble into root microbiomes, Burkholderia sp. CL11 was present with the highest
relative abundance for all samples that received the SynCom subsequent inoculum
(Figure 3.9A). Several isolates were more abundant in the SynCom inoculum than in root
samples, indicating that they did not colonize successfully during the experiment (Figure
3.9A). Among these isolates were Flavobacterium sp. 40 and E. coli, which were
previously defined as “poor” colonizers (18). Surprisingly, another previously defined poor
colonizer of alfalfa seedlings, Deinococcus sp. TN56, was present with different relative
abundances between seedlings initially inoculated with different Streptomyces strains
(Figure 3.9B). Specifically, plants initially inoculated with 303 had higher relative
abundance of TN56 than plants that initially received 299 or 136, and plants that initially
received CL18 had a higher relative abundance of TN56 than plants that initially received
136 (Figure 3.9B). These findings correspond to in vitro co-culturing of TN56 with these
Streptomyces, which had the slowest growth when incubated with 136 (data not shown).
Within this SynCom, Rhizobium sp. 2 abundance was significantly higher when seedlings
were initially inoculated with 299 compared to those that were inoculated with 303 or CL18
(Figure 3.9C). Interestingly, when all four Streptomyces were included in a 38-member
SynCom inoculated onto Arabidopsis, Rhizobium sp. 2 was the highest colonizing isolate
(18). Together, these results indicate that Streptomyces strains positively or negatively
impact subsequent colonization by particular low abundance bacterial isolates.

When we investigated the assembled root microbiome communities from plants
that received the complex SoilSup as their subsequent inoculum, the majority of ASVs
found in the inoculum were not present in root samples (Figure 3.10B). Interestingly, the
most abundant ASV in these samples was another Burkholderia sp. the same genus as
CL11, which was the most abundant ASV in samples that received the SynCom (Figure
3.9A). We failed to detect differences in assembled root microbiomes for samples that
received different Streptomyces strain initial inocula, which may reflect the inability of
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these Streptomyces to equally persist in mature root microbiome communities (Figure
3.8A). Collectively, our in silico, in vitro, and in vivo studies of these four Streptomyces
strains provide evidence that while not the most abundant microbiome members,
biosynthetically diverse Streptomyces species alter root exudate composition and when
present, subsequent colonization potential of particular strains during root microbiome
assembly.

DISCUSSION
Among microbes capable of agricultural applications, Streptomyces promote plant
growth by producing auxins, mediating drought survival, and suppressing the growth of
soil-borne pathogens (16, 17). Streptomyces are recognized as cosmopolitan organisms,
colonizing internal root tissue of a wide variety of plant species (48, 53, 54) in
geographically and geologically diverse soils (5, 6). Here, we provide evidence that
inoculation of Streptomyces strains impacts Arabidopsis root exudate composition
(Figure 3.2) and influences the ability of specific taxa from ambient air (Figure 3.7B, C) or
an 11-member SynCom (Figure 3.9B, C) to assemble into mature root microbiomes.

Members of the Streptomyces genus are known for their diverse metabolisms and
vast secondary metabolite production (17). When we measured the composition of
seedling exudates inoculated with our 4 Streptomyces isolates, we observed that those
inoculated with 299 and 303 are unique from the other metabolite samples, which was
not observed in no plant control samples (Figure 3.2B and 3.3). Interestingly, inoculation
with either isolate resulted in more salicylic acid (Figure 3.2C), which these particular
isolates are more resistant to than CL18 or 136 (19). Further, salicylic acid is able to
directly and indirectly shape root microbiome assembly (18). This seems to indicate that
salicylic acid modulation may be mediated by the array of plant host defenses that get
triggered depending on the Streptomyces strain present, which can subsequently affect
other microbial community members.
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When we investigated predicted Streptomyces strain encoded secondary
metabolites, strains with higher colonization levels (i.e., 299 and 303) showed much
higher predicted BGC profiles than the other strains (Figure 3.4A). However, any induced
differences in subsequent in vitro co-culturing (Figure 3.4B) or root microbiome assembly
(Figure 3.5,3.7,3.9) would have to be mediated by the specific compounds actually
produced. Our investigation of non-Streptomyces isolates followed a similar trend and
further suggests that secondary metabolism size alone is not sufficient to predict
colonization capabilities. While isolates like Paenibacillus sp. 181 had as many predicted
BGCs as 299 and 303 (Figure 3.4A), it does not effectively assemble into mature root
communities when Arabidopsis is inoculated with an 11-member (Figure 3.9A) or a 38member SynCom (18). Our characterization of root exudates and secondary metabolite
potential is an exciting starting place for future research of the impact of particular
metabolites, even those without matches to our initial compound library, on root
microbiome assembly.

Our in vitro co-culture experiments reveal Streptomyces strains influence other
strains both positively and negatively (Figure 3.4B), which is partially observed in our 16S
rRNA amplicon community studies (Figure 3.7C, 3.9B, and C). For example, in co-culture
experiments, 299, 303 and CL18 inhibited growth of Rhizobium sp. 2 (Figure 3.4B), yet
relative abundance data actually saw an increase of Rhizobium reads in samples initially
inoculated with 299 compared to 303 or CL18 (Figure 3.9C). Further, while our in vitro coculturing indicated that CL11 could be inhibited by most of the other microbes in the
SynCom, CL11 was the most abundant microbe in roots that received SynCom (Figure
3.9A), even when potential instigators of antibiosis were also present (Figure 3.4B).
These findings highlight disparities between in vitro antibiosis and in planta colonization
outcomes, potentially due to differences in the environment induced by a host plant or
other surrounding microbes. Therefore, the observed differences cannot be entirely
explained by direct inhibitory ability of specific Streptomyces and requires further
exploration of more indirect effects of isolates in a community, potentially by using
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iterations of SynComs with particular microbes removed as previously performed in
Arabidopsis phyllosphere studies (29).

Our use of multiple orders of magnitude in inoculum complexity including
monoinoculation (i.e., 1), low complexity SynCom (~10), medium complexity chamber air
(~100), and high complexity SoilSup (~1,000) allowed us to observe that our
Streptomyces strains impact particular microbes in the medium complexity range.
Specifically, we found that Streptomyces initial inoculation only influenced the assembly
of invading, presumably airbourne ASVs (Figure 3.7C) or low abundance isolates (Figure
3.9B, C). Interestingly, these particular taxa are diverse and include members of
Actinobacteria, Deinococcus-Thermus, and Proteobacteria phyla. We did not observe
that Streptomyces initial inoculation altered microbiome composition of roots that received
subsequent SoilSup inoculum, which may be influenced by uneven persistence of
Streptomyces in these samples (Figure 3.8A) or the high diversity SoilSup inoculum
(Figure 3.5B, C). Instead, we observed that in SoilSup samples, the influence of
subsequent inoculum community composition remains the primary root-microbiome
determinant (55). We note here that while Streptomyces can carry large and diverse
metabolic potentials, their influence on the community may be subtle and heavily
influenced by inoculum complexity (Figure 3.5B, C). Together, these data indicate
Streptomyces isolate colonization of Arabidopsis seedlings positively and negatively
influence the ability of particular, diverse bacteria to assemble into mature root
microbiomes. Root microbiome assembly is a complex set of plant-microbe and microbemicrobe interactions that has impacts on host physiology and overall microbial community
assembly. Therefore, future experiments can now investigate the mechanisms behind
Streptomyces influence and the overall outcome of plant hosts by community alterations
by Streptomyces.
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APPENDIX: TABLES
Table 3. 1:Seedling exudate metabolites that were altered with Streptomyces
inoculation.
Select metabolites that significantly differ between uninoculated seedlings and those
inoculated with strains 299, 303, CL18, 136, or 374 strains. The discovery of
metabolites that differ from the NB controls was performed by using an unpaired t-test
for each inoculated sample type followed by a two-stage Benjamini, Krieger, and
Yekutili False Discovery Rate procedure for compounds with lower (top, blue) and
higher (bottom, pink) ion counts. 5 replicates per treatment type, degrees of freedom
832, n.s.= no significance.
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Table 3. 2: Genome overview of bacterial strains.
Available genomes of isolates used in this study were analyzed on a number of criteria.
Isolates were compared by genome size (bp), GC % content, scaffold number, gene
number, biosynthetic gene clusters (BGC) and number of genes associated in BGCs.
Data generated from antiSMASH outputs. Actinobacteria (blue), Bacteroidetes (yellow),
Firmicutes (purple), and Proteobacteria (orange).
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Table 3. 3: Bacterial strains used in these experiments.
In these studies, we characterize several Actinobacteria (blue), Bacteroidetes (yellow),
Deinococcus-Thermus (grey), Firmicutes (purple), and Proteobacteria (orange) strains.
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Table 3. 4: Replicate numbers in each treatment group for the two-step
inoculation experiment.
Distribution of sample numbers (N) as well as mean, minimum and maximum read
number for each treatment group in the two-step inoculation experiment. Sample types
were organized by inoculum alone: SynCom (blue) and SoilSup (brown); and by posttreatment: No bacteria (NB) (grey), SynCom (blue), SoilSup (brown).
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Table 3. 5: Alpha diversity comparison by treatment group.
Hill numbers were generated between samples for the two-step inoculation experiment
using alpha diversity at exponents of q=0, q=1, and q=2. Samples are grouped by
treatment group, as determined by the initial and subsequent inoculum on the x and yaxis. Color indicates p-value changes from dark orange p<0.01 to lighter orange values
p<0.05 (adjusted p-values reported, single step method).
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APPENDIX: FIGURES

A

B

C

Figure 3. 1: Arabidopsis root morphology following Streptomyces inoculation and
indole-3-acetic acid (IAA) quantification.
A) Axenic 7-day old Arabidopsis seedlings were inoculated on ¼ MS plates with each of
the four Streptomyces isolates and grown vertically for 14 days. An example of each
Arabidopsis seedling root morphology is shown. B) Primary root length over the 14 days
of seedling growth. A 1-Way ANOVA with a post hoc Dunnett’s multiple comparisons of
the mean of 9 replicates was performed. * indicates significantly different than no
bacteria (NB) control (𝞪=0.05, F4,39=43.46). C) Colorimetric IAA quantification of
Streptomyces isolate cultures from medium with tryptophan added (299 (pink), 303
(green), CL18 (purple), and 136 (orange)). Following the addition of Salkowski reagent,
absorbance was measured at 540nm after 30 minutes with uninoculated medium
control values subtracted from the measurement. A 1-way ANOVA with post hoc
Tukey’s multiple comparison test was performed (𝞪=0.05, F3,8= 238.5). Letters indicate
significantly different groups.
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Figure 3. 2: Streptomyces strains show different colonization phenotypes and
alter metabolic profiles of Arabidopsis seedling root exudates.
A) Arabidopsis seedling colonization 7 days after inoculation was determined by
counting colony forming units and normalized by gram of plant tissue (CFU/g).
Horizontal line represents the mean value. A Kruskal-Wallis with post hoc Dunn’s
multiple comparisons was performed (n=6-16 , p<0.05, z-score=38.79). Letters indicate
significantly different groups. B) Metabolomics data from Arabidopsis seedling
exudates. Principal Coordinate Analysis (PCoA) based on Euclidean distances results
were generated from ion counts for 5 replicate samples each normalized by mass. For
A and B, Streptomyces strains are represented by pink squares for 299, green upward
triangles for 303, purple downward triangles from CL18, and orange diamonds for 136,
as well as no bacteria (NB) controls represented by black circles. C) A subset of 19
metabolites detected in B were differentially abundant between at least 1 inoculated set
of samples and the NB controls 7 days after inoculation. Results of multiple t-tests are
found in Table S2. Metabolites that decrease with inoculation of all Streptomyces (I),
metabolites that decrease with 303, 299, and CL18 inoculation (II), metabolites that
increase with 303 and 299 inoculation (III), and metabolites that increase with only 303
inoculation (IV).
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Figure 3. 3: Detected metabolites and predicted metabolisms were compared
between each Streptomyces isolate.
A) A PCoA of Euclidean distances was generated using metabolomics of media alone
controls (open symbols) and with inoculated plant root exudates (closed symbols).
Brevundimonas sp. 374 (blue hexagon) is included with Streptomyces isolates 299 (pink
square), 303 (green circle), CL18 (purple triangle), and 136 (orange diamond) as an
unrelated bacterial control. No bacteria (NB, grey circles) controls were also included.
B-C) Venn diagram of predicted compounds taken up by strains (B) and metabolic
pathways encoded by strain genomes (C) using metabolic modelling to show overlap
between isolates.
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Figure 3. 4: Streptomyces strains show different predicted biosynthetic gene
clusters and microbial interactions in vitro.
A) Predicted biosynthetic gene clusters (BGCs) were classified using antiSMASH
version 5 for the genomes of Streptomyces (blue) and representative non-Streptomyces
strains representing the other major phyla found in plant microbiomes; Bacteroidetes
(yellow), Firmicutes (purple), and Proteobacteria (orange). Clusters are shown by class
of predicted compound. B) Microbial in vitro co-culture assays between Streptomyces
and non-Streptomyces isolates on the left side of the Circos plot (56) instigated either
negative (grey lines) or positive (green lines) changes in the growth of the isolates on
the right of the plot on at least one of the three media types tested.
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Figure 3. 5: In a two-step seedling inoculation experiment, assembled root
microbiome samples cluster by subsequent inoculum.
A) An overview of experimental design to generate 15 different types of treatment
groups based on 5 initial inoculum types and 3 subsequent inoculum types. B) A Hill
numbers approach to observe alpha diversity calculated the effective number of species
in each treatment group for all non-singleton, microbial ASVs. Root samples that
received subsequent inoculum SynCom (light blue) and SoilSup (light brown), as well as
no bacteria (NB; grey) were compared with SynCom inoculum (dashed dark blue) and
SoilSup inoculum (dashed dark brown). C) Weighted UniFrac distances based on all
non-singleton, ASVs were used to generate Principal Coordinates Analysis (PCoA) for
NB (closed, grey), SynCom (closed, light blue), and SoilSup (closed, light brown) root
samples, as well as SynCom (open, dark blue) and SoilSup (open, dark brown)
inoculum samples.
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Figure 3. 6: Alpha and beta diversity comparisons show differences in effective
number of species and composition of the community following different initial
and subsequent inoculum treatments.
A-C) Effective number of species using alpha diversity across orders of q to detect
changes in rare and abundant ASVs initially inoculated with no bacteria (NB, grey) or
Streptomyces strain 299 (pink), 303 (green), CL18 (purple), 136 (orange) for samples
subsequently inoculated with NB (A), SynCom with SynCom inoculum control (dashed
blue line) (B), and SoilSup with SoilSup inoculum control (dashed brown line) (C). D-F)
PCoA plots generated from weighted UniFrac distances showing assembled root
community composition. Initial inoculum include NB (grey, circle), 299 (pink, upwards
triangle), 303 (green, downwards triangle), CL18 (purple, diamond), and 136 (orange,
square) are shown for NB subsequent inoculum (D), SynCom subsequent inoculum with
Inoculum alone composition (open circle) (E) and SoilSup subsequent inoculum with
Inoculum alone composition (open circle). PCoA axis labels PCoA 1 (50.8%) and PCoA
2 (14.2%).
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Figure 3. 7: Phyla distributions of assembled root microbiomes highlight only
particular taxa from air, SynCom, and SoilSup inocula assemble.
A) Relative abundance of phyla in No Bacteria (NB) subsequent-inoculation root
samples (n=4-9). B) Pooled relative abundance of the 32 Microbacteriaceae ASVs
absent in SynCom and SoilSup inoculum in root samples from NB plants (n=38),
SynCom (n=69), and SoilSup (n=33). * indicates significantly different as identified by a
1-way ANOVA with post hoc Tukey’s multiple comparisons (𝞪=0.05, F2,143=8.786). C)
Among samples that received no subsequent inoculum, relative abundance of pooled
32 Microbacteriaceae ASVs. Samples are separated by their initial inoculation with NB
(n=9), 299 (n=7), 303 (n=9), CL18 (n=8), and 136 (n=5). * indicates higher abundance
than all other sample types as identified by a 1-way ANOVA with post hoc Tukey’s
multiple comparisons was performed (𝞪=0.05, F4,39=3.842). D) Relative abundance of
phyla in SynCom subsequent-inoculation samples with NB, 299, 303, CL18, and 136
initial-inoculation root samples (n=11-16) and SynCom inoculum composition (Inoc)
(n=3). E) Relative abundance of phyla in SoilSup subsequent-inoculation root samples
with NB, 299, 303, CL18, and 136 initial-inoculation (n=3-11) and SoilSup inoculum
composition (Inoc, n=3).
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Figure 3. 8: Distributions of Actinobacteria across all treatment groups showing
family level relative abundances highlight differences in composition of
Actinobacteria.
A) For each Streptomyces isolate, the relative abundance of its ASV is shown across
the subsequent inocula treatments. A 1-way ANOVA with post hoc Tukey’s multiple
comparison was run (𝞪=0.05, F11,102=3.694). Letters indicate significantly different
abundances. B) Resulting community relative abundances are shown for samples given
subsequent inoculum of no bacteria (NB), SynCom inoculum, and SoilSup inoculum
paired with initial inoculum of Streptomyces isolates 299, 303, CL18, and 136 and NB.
Light blue indicates Streptomyces ASVs, blue-green indicates the 32 Microbacteriaceae
ASVs not present in SynCom or SoilSup inoculum samples, and dark-blue indicates all
other Actinobacteria phyla ASVs.
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Figure 3. 9: Streptomyces pretreatment alters the abundance of individual
SynCom members.
A) Heat map of SynCom isolates degree of colonization. The log-transformed
abundance of each SynCom member (left label) is shown with the phylum it belongs to
denoted by a color block (Bacteroidetes in yellow, Deinococcus-Thermus in grey,
Firmicutes in purple, and Proteobacteria in orange). The initial inoculum treatment is
shown on the bottom label. White indicates no reads were observed. B-C) Relative
abundance of Deinococcus sp. TN56 (B) and Rhizobium sp. 2 (C) in the SynCom
inoculum (n=3) and in assembled root microbiomes from samples initially inoculated
with NB (n=11) or with each Streptomyces (299 (n=15), 303 (n=14), CL18 (n=13), and
136 (n=16)). A 1-way ANOVA with post hoc Tukey’s multiple comparison test was
performed (𝞪=0.05, F5,66=3.857 for B and F5,66=2.828 for C). Letters indicate
significantly different groups.
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Figure 3. 10: ASV abundance in NB and SoilSup subsequent inoculum samples.
A) The log-transformed abundance of each ASV present in samples that received no
subsequent inoculum (left label) is shown for each sample treatment group for each
initial inoculum (bottom label). B) The log-transformed abundance of each ASV present
in the SoilSup inoculum (left label) is shown in the inoculum, as well as mature root
microbiomes for samples from each initial inoculum treatment group (bottom label).
White indicates no reads were observed for that ASV in that sample type for both heat
maps.
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CHAPTER FOUR: INVESTIGATING THE IMPACT OF
INDIVIDUAL BACTERIAL STRAINS ON LEMNA MINOR
MICROBIOME AND ITS SURROUNDING WASTEWATER
MICROBIAL COMMUNITIES
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ABSTRACT
Duckweed is an aquatic plant that is gaining recognition for wastewater
remediation by removing excess nutrients. Duckweed is a potential candidate to help
alleviate the harmful effects of fertilizer runoff and eutrophication of water sources. Here
we explore how bacteria isolated from duckweed tissue, Duckweed Associated Bacteria
(DAB), impact duckweed physiology. In this study, DAB representatives from phyla
Actinobacteria, Firmicutes, and Proteobacteria with variable Biosynthetic Gene Clusters
(BGC) ranging from 4-12 BGCs in an individual isolate were inoculated with duckweed
to observe their individual impacts on duckweed microbial communities. Duckweed was
grown in wastewater liquid with water and duckweed tissue collected over time to
highlight dynamic changes in microbial community with the presence or absence of
duckweed. We observed that the addition of duckweed and DAB changes the microbial
community of the ambient water. The presence of duckweed along with at least one
DAB alters wastewater microbiomes and impacts microbial membership. However, we
did not see an additive effective of combing multiple DAB together on duckweed
efficiency. We also see a selective process of duckweed with a low diversity in tissueassociated samples. Overall, we investigate the ability of duckweed to make changes to
the microbial membership of a wastewater environment and the impact that DAB have
on this ability. These studies provide a critical baseline for our future RNA-sequencing
results to explore gene expression differences in plant and DABs following colonization.
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INTRODUCTION
Agricultural advances drastically improved the human population’s ability to
sustain itself. Crop yield enhancement through the use of chemical fertilizers and
pesticides during the green revolution in the 19th and 20th centuries provided humanity
with the means to feed an ever-growing population [1-3]. Specifically, agricultural
industrialization helped sustain healthy human diets by improving vegetable and fruit
yields by protecting them from disease and via promoting their growth [2]. In this way,
fertilizers and pesticides are critical in our ability to maintain food supply and their role
cannot be underestimated in utility. However, the cost of sustaining the human
population through these means has caused a dramatic increase in environmental
pollution and damage that warrants changes in their usage and for alternatives to be
considered [2].

Runoff of chemical fertilizers and pesticides can contaminate freshwater sources
and without remediation can be toxic to humans and other natural life [2]. These
chemicals often end up accumulating in waste-water reservoirs, and if not appropriately
managed will return to natural water sources. Furthermore, the use of nitrogen in
fertilizer is currently in excess of that which is necessary, resulting in extra nitrogen that
winds up in these water reservoirs [4]. The runoff of fertilizer with high nitrogen and
phosphorous concentrations can stimulate immense microbial growth, causing a
depletion of available oxygen in water sources for other organisms. For instance,
harmful algal blooms can be the result of fertilizer runoff into water sources where algae
reside, depleting oxygen for other microbes and fish organisms [5]. These issues
highlight the need for new alternatives to chemicals that are harmful to people and to
the environment. Furthermore, it is equally important to remediate current waste
generated from these practices.

One proposed method for the bioremediation of wastewater uses the aquatic
plant duckweed. Duckweed is a fast growing, fast replicating, aquatic monocot that
grows just beneath water surfaces [6-8]. Beyond these characteristics, duckweed is also
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a well-studied organism due to its small size and simple architecture that makes it an
easy system to work with for plant experiments [9-11]. Furthermore, it can take up
phosphorus and nitrogen from its environment, making it ideal for handling the
byproducts from fertilizer runoff [8]. Therefore, these reasons make duckweed an ideal
organism to test clean ways of bioremediation. However, the potential of duckweed to
bioremediate largely depends on the conditions of its environment [12]. Temperature,
light, and nutrient supply are factors beyond duckweed control that the plant must have
mechanisms in place for handling to be efficient even in non-optimal environments.

To help handle changing environmental conditions, duckweed can use the
metabolisms of present bacteria and its surrounding water microbiome to stabilize its
own metabolic efficiency [13]. For instance, the role of indoles from bacteria, including
aquatic bacteria, has been connected to increased plant growth promotion [14].
Bacterial products that can affect plant physiology, like the phytohormone indole-3acetic acid, highlight the impact that microbial communities can have on a plant host.
Likewise, these products highlight the need for investigation into the mechanisms they
employ in manipulating microbiomes to increase host efficiency. A bacterial isolates
from duckweed tissue, called Duckweed Associated Bacteria (DAB), include strains that
impact plant physiology by interacting with the plant via signal production, such as
indole [13]. Here, we look to manipulate a microbial community to observe shifts in
duckweed physiology, with potential downstream effects on its ability to uptake excess
phosphorus and nitrogen from its environment, as well as to filter pathogens and other
toxic compounds from local Knoxville wastewater sources.

Placing duckweed in wastewater not only provides an alternate means for
bioremediation but also provides insight into plant-microbe and microbe-microbe
interactions. By investigating the interactions between DAB and duckweed, we can
better understand the complex mechanisms that promote certain bacteria association
over others. Furthermore, we can observe how the inclusion of DAB affects duckweed
physiology and the impact on other organisms found in wastewater from those changes.
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Ultimately, the goal of this work is to help uncover the effects of DAB on microbiome
assembly and duckweed bioremediation efficiency.

MATERIALS AND METHODS
Duckweed and Culture Maintenance
Duckweed, Lemna-370, was grown for 30 days using 1L of Schenk and
Hildebrandt (SH) media in 2000mL Fernbach flasks [15]. Bacterial, DAB, cultures were
grown for 1-2 days in 10mL LB broth with 1:5 headspace in 50mL falcon tubes at 30°C
with shaking. Prior to inoculation of Duckweed, DAB were grown individually in LB for 2
days at 30°C before being suspended in 1X PBS. DAB investigated here include 370.1,
RRCA, 9509.4, 2C, and 38E (Table 1).

Wastewater Retrieval
Wastewater was obtained from Hallsdale Powell Utility District (HPUD) in
Knoxville, Tennessee. During the treatment process, wastewater arrives as influent and
gets filtered to remove large solids from the water. Water then passes through treatment
and becomes clarifier effluent once all solids are removed and just before being
chlorinated and returned to nature. For these experiments, clarifier effluent taken before
the chlorination treatment step was collected as wastewater. Wastewater was retrieved
at two timepoints in early Fall (September) 2018 for replicate 1 and in Spring (March)
2019 for replicate 2.

Wastewater microbial community experiment sample collection and processing
Fourteen 2000mL Fernbach flasks of Lemna-370 and DAB cultures were
incubated as described above. When Duckweed plants were grown, 100mL of SH
media was removed from seven flasks and replaced with 100mL of collected
wastewater. The concentration of bacteria in wastewater for each flask was ~1 x 104
CFU/mL. Each individual DAB was inoculated into a flask with wastewater and without
wastewater. A flask with wastewater and one without were inoculated with a mix of all
DAB together. Controls with wastewater and without wastewater were created for
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Duckweed without DAB. Controls were also created for wastewater with DAB and no
Duckweed in 50mL Falcon tubes. DABs were inoculated at an OD600 of 0.005 in
respective tubes and the mix of all DAB was made so all DAB together added up to
OD600 0.005.

Samples were collected at three timepoints: 4 days, 10 days, and 15 days postinoculation. For the second replicate, only the timepoints at 4 days and 10 days were
used for analysis. To harvest samples, 50mL of liquid was extracted from each flask
and 5mL from each control Falcon tube. Approximately 0.25g of Duckweed tissue was
also collected from each flask using a flame-sterilized spatula. Tissue and liquid
samples were separated from one another and tissue samples were immediately flash
frozen in liquid nitrogen and stored at -80°C. Liquid samples were filtered using Millipore
0.22um MCE Membrane filters (ref. GSWP02500) and a Pharmacia FH225V 10 place
filter manifold (ref. 80-6024-14). Filters were then placed into microcentrifuge tubes and
flash frozen to be stored at -80°C. Qiagen DNeasy Powerwater kits (ref. 14900-100-NF)
were used to extract DNA from liquid samples collected on membrane filters. Qiagen
DNeasy Powersoil kits (ref. 12888-100) were used to extract DNA from Duckweed
tissue samples. Each extraction was performed in triplicate for each sample.

RNAseq and metatranscriptome generation
Arabidopsis thaliana (Arabidopsis) seed were surface sterilized and germinated
in the dark at 4°C for 3 days. After germination, axenic seedlings were transferred on to
½ Murashige and Skoog Basal Medium with Gamborg’s Vitamins (MS) (MP
Biomedicals ref. 2623220) with sucrose media (2.22g/L MS, 8g/L Phytoagar
(PlantMedia ref. 9002-18-0), 10g/L Sucrose) and incubated for 7-days in a diurnal 22°C
light for 10 hours and 18°C night for 14 hours cycles. After 7 days, DAB isolates
Microbacterium sp. RU370.1, Azospirillum sp. RU38E, and the all-DAB mix
(Microbacterium sp. RU370.1, Azospirillum sp. RU38E, Microbacterium sp.
RURRCA19A, Bacillus sp. 9509.4, Bacillus sp. RU2C) were inoculated onto square
100mm x 100mm ¼ MS (1.11g/L MS, 10g/L Phytoagar) with no sucrose plates at an
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OD600 of 0.01. Five seedlings were then transferred to each square plates and Parafilm
was wrapped around the plate. Plates were incubated vertically at the same diurnal
cycle for 7 days.

Seedlings were harvested off square plates, transferred to 5mL centrifuge tubes
with flame-sterilized tweezers, and water washed 3 time with sterile dH2O. Seedlings
were then transferred to pre-filled 2mL acid washed bead tubes (100um + 4mm Silica,
1.7mm Zirconium, OPS Diagnostics PFMM 4000-100-28). 0.75mL of Ambion TRIzol
reagent (15596026) was added to each bead tube and tubes were placed in a Spex
Sample Prep Geno/grinder 2010. Samples were homogenized for 2 minutes, then
placed on ice for 1 minute until a total of 10 minutes was reached of homogenization at
1000rpm. Once homogenized, liquid was transferred to an Invitrogen Phasemaker tube
(A33248) and 200ul of Chloroform was added. Samples were spun down, and the
aqueous phase was then transferred to a new microcentrifuge tube. Samples were then
run through the Zymo RNA clean and concentrator kit (R1015). Extracted RNA was
flash frozen with liquid nitrogen and stored at -80°C until shipped to JGI on dry ice.

Data Analysis
The first duckweed replicate experiment was analyzed using Qiime2 for 16S
rRNA gene amplicon sequencing for microbial analysis. Data was imported using the
.qza file format using the qiime tools import command. FastQC was used for quality
metrics and reads were trimmed by the first 15bp and truncated at 250bp. Metrics that
were created include Weighted and Unweighted UniFrac along with ASV abundances
across sample type. The SILVA database was used to assign taxonomy for reported
ASVs. The second duckweed replicate experiment was analyzed using R packages
Dada2, phyloseq, and ggplot. An indicator species analysis was performed using
relative abundances of ASVs in each sample, comparing samples by timepoint,
wastewater presence, and duckweed presence. 50,000 permutations were run using
the R package indicspecies [16]. The analysis identified which ASVs were associated
with each specific treatment type. Metatranscriptomes were generated by JGI following
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RNA extraction and submission. Metatranscriptomes are included in Proposal 1779 at
JGI under the title “Uncovering the composition and function of the aquatic microbiome
for duckweeds”.

RESULTS
DAB isolates have varying potentials and identities
The five DAB isolates (370.1, 38E, RRCA, 9509.4, 2C) were obtained from
duckweed tissue and were chosen as representatives of phyla commonly found
associated with duckweed. Included in the five isolates are 2 Actinobacteria, 2
Firmicutes, and 1 Proteobacteria (Table 4.1). The isolates also have varying GC
content, and a variable range of BGCs from 4-12 (Table 4.1, Figure 4.1). Of interest in
secondary metabolic potential, isolate 38E contained 3 bacteriocins, more than any
other isolate, which are predicted antimicrobial compounds. Also, isolates 9509.4 and
2C both contained a siderophore, iron-chelating compounds for iron sequestration,
within their predicted secondary metabolites. Bacteriocins and siderophores both
highlight possible compounds involved in microbe-microbe interactions. Isolates 370.1
and RRCA are both predicted to produce the phytohormone IAA (Indole-3-acetic acid),
while 9509.4, 2C, and 38E all do not. In this way, each isolate has unique potentials and
identifiers to investigate the differences in how they affect duckweed phenotypes and
microbiome assembly.

Consistently associated duckweed microbes show changes in plant tissue
association
Microbes that consistently associate with duckweed were investigated for
changes in relative abundance between? samples. Microbes that are consistently
associated with duckweed include members from Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria phyla [11]. Water and tissue samples were separated for
comparison of abundances of microbes in the bulk media and those that associate with
the plant host (Figure 4.2). Replicate 1 and 2 were analyzed separately due to the
different seasonal collection times. In replicate 1, Proteobacteria showed higher relative
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abundances in tissue samples than surrounding water samples and dominated both
sample types (Figure 4.3). Interestingly, Actinobacteria appeared in higher relative
abundances in surrounding wastewater than in tissue samples. Bacteroidetes also
followed this trend, with the highest relative abundance in samples without DAB.
Firmicutes did not show a trend between tissue and water samples but had the highest
relative abundances in wastewater samples that contained all DAB (Figure 4.3).

In replicate 2, Actinobacteria and Proteobacteria displayed higher relative
abundances overall within plant tissue as compared to the surrounding water across all
treatments with and without DAB inclusion (Figure 4.4). This result is in support of
previous work that shows these two phyla are often associated within plant species [17].
Conversely, Bacteroidetes and Firmicutes showed higher relative abundances in
surrounding water samples and was variable based on DAB inoculum (Figure 4.4). At
the family level, Intrasporangiaceae (Actinobacteria) had the highest relative
abundances in tissue samples. Members of Azospirillaceae (Proteobacteria) were
present in samples inoculated with 38E or all DAB. Bacillaceae (Firmicutes) trended
higher relative abundances in water samples, except when inoculated with DAB 38E
and no DAB (Figure 4.4). Across the phyla that consistently associate with duckweed,
we see variability between tissue and water samples in bacterial relative abundance,
indicating some level of selection by the plant for certain bacterial isolates. Furthermore,
there is variability between these taxa with different DAB inoculum requiring
investigation into what role these isolates are playing in microbial assembly.

Duckweed microbial community shifts are driven by DAB and other factors
While not the major driver of microbial community shifts, DAB do seem to play
some role in the community assembly process. Throughout the experiment, duckweed
microbial communities were sampled in plant tissue and in surrounding water
environments using 16S rRNA gene amplification sequencing on both types of samples
at each time point. Numerous factors were identified within each sample that appeared
to have an impact on community assembly, including tissue compared to water sample
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type, timepoint, and duckweed and DAB presence. In samples with wastewater, there
was an expected increase in microbial diversity using Shannon’s diversity index (Figure
4.4). Interestingly, in samples with wastewater, the diversity was only higher in tissue
when a DAB isolate was also present. In samples without added DAB, the diversity
between tissue and water samples is even. This is an interesting result, as we would
expect tissue samples to have a lower overall abundance than the surrounding water
sample. However, it highlights some effect that the DABs appear to have on the
duckweed community assembly process.

Community establishment and membership showed changes across each of the
timepoints studied here. Three different timepoints at 4-days, 10-days and 15-days were
used to observe community shift over time. These times have been used in previous
duckweed community experiments and were chosen with consideration to community
establishment, where the minimum incubation time required for DAB is longer than 2
days, and large shifts in community have been observed around 7-days post inoculation
[11]. Therefore, using these timepoints allows us to capture these shifts. Interestingly,
some species were found to disappear between 4-day and 15-day time points, including
all Actinobacterial ASVs. Actinobacteria appear higher in abundance at the 4-day
timepoint but gradually decrease, especially in wastewater samples (Figure 4.3).
Likewise, Bacteroidetes were generally higher in abundance in 4-day water samples but
decrease over time until the 15-day timepoint. Burkholderiaceae also saw decreases in
abundance over the course of the experiment for all inoculated samples. In this way,
time appears to impact the presence of certain bacterial isolates. However, the
mechanisms that drive these community dynamics require further investigation.

The membership of the microbial community in water samples was impacted
largely by whether duckweed was present or absent within the system. Similarly, this
impact was affected by the presence or absence of the DAB isolate. Proteobacteria,
that are high in abundance across most sample types dominated the most in day-15
tissue samples that contained a DAB member, while Proteobacteria was less abundant
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in day-15 water samples that contained no DAB or duckweed (Figure 4.3). Firmicutes
were found in higher abundances in samples that contained no duckweed. Similarly,
Chlamydiae were found in higher abundances in day-15 with no duckweed or DAB
present. At day 15, tissue samples with DAB appeared to exclude Bacteroidetes that
were present in 4-day wastewater samples. While the presence of DAB appeared to
shift community assembly, there was no noticeable change with all DAB together
compared to individual strains. Across individual DAB samples, the presence of DAB
2C seemed to impact microbiome composition of tissue and water samples compared
to the other DAB isolates across all time points (Figure 4.5). Thus, showing an isolate
specific effect on community assembly that depends on DAB isolate and a potential for
community control using microbial inoculum.

Indicator species analysis
An indicator species analysis was performed on the second replicate to compare
the effects of different treatments and identify which ASVs were indicators of a given
treatment. Of interest, Rhizobiaceae ASVs (were identified as indicators (p-value
0.0003) in 4-day and 10-day samples with duckweed. Pseudomondaeae
(Pseudomonas) ASVs (p-value 0.0031) and Flavobacteriazeae (Flavobacterium) ASVs
(p-value 0.0206) were indicator species at 4-days but not indicators at 10-days when
duckweed was present in the sample. Without duckweed, Pseudomonadaceae was still
an indicator organism (p-value 0.0004). Also, at 10-days without Duckweed,
Yersiniaceae (Serratia) was highlighted as an indicator organism (p-value 0.0039). The
changes in which organisms were identified as indicator species throughout the
experiment highlights the impact that Duckweed has on microbial members within the
community.

DISCUSSION
Here we investigate the impact of duckweed along with DAB in a wastewater
environment to alter microbial community structure and in bioremediation. Further, we
see that multiple different factors influence the assembly of microbes in duckweed
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tissue and in the surrounding water. Of note, timepoint, the presence of duckweed, and
the presence of DAB all appear to be factors that affect microbiome structure.
Differences were noted between tissue communities and the surrounding wastewater
environment, highlighting some level of selection within duckweed for bacterial
members within its community. Tissue samples showed a decreased level of diversity
compared to water samples. Therefore, it appears as though duckweed is able to exert
control over its microbiome and be selective of its membership. And by extension, exert
some impact on the surrounding water microbiome.

Across the different time points of samples taken, there are detectable shifts in
microbiome composition. Both Actinobacteria and Bacteroidetes showed decreases in
relative abundance from day 4 to day 15 samples, indicating an inability on their part to
establish themselves as predominant members of the community. This is interesting as
both of these taxa are commonly found associated with terrestrial plant species.
Proteobacteria grew in abundance from day 4 to day 15, indicating an ability to better
establish themselves within the community. The similarity between plant species’
microbial communities, such as with duckweed, rice, and other terrestrial plants, have
highlighted a role of host tissue in the assembly process. Furthermore, these studies
have identified core microbiome assemblies and genetic commonalities such as auxin
production for plant growth promotion [11, 18]. Therefore, we wanted to further
investigate this assembly and what factors could create shifts in community
composition.

The presence of Duckweed along with at least one DAB seemed to carry a large
impact on what taxa were able to establish themselves. For instance, Firmicutes
seemed to only establish themselves in the absence of duckweed, with increases in
relative abundance when across timepoints. Likewise, Chlamydiae showed higher
relative abundances at day-15 only in the absence of duckweed and DAB. While
Chlamydiae may be symbiotic, due to the potential pathogenic capabilities of these
organisms, it is beneficial for duckweed to bioremediate wastewater of organisms like
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these in many cases. Thus, indicating duckweed is having some active role in microbial
establishment given the differences noted in its presence or absence within the system.

The DAB isolates showed an impact on duckweed microbial community
assembly across all time points and sample types. By comparing each community postinoculation by DAB, there is a shift in community composition in the communities where
one of the Bacillus strain, 2C, is the inoculum compared to the other DAB inocula. DAB
2C, while not large in secondary metabolite potential, makes a predicted carotenoid
terpene that may play a role in microbe-plant association. Overall, this result indicates
that the community of microbes that can assemble is in part dependent on microbial
inoculum influence.

Duckweed shows a potential to alleviate the presence of potentially pathogenic
bacteria within the water samples. Using the indicator species analysis, potentially
pathogenic Pseudomonas and Flavobacterium species were indicators of early 4-day
wastewater and later 10-day wastewater samples but not in 10-day wastewater samples
with Duckweed present. Pseudomonas strains can be pathogenic to human and plant
species while Flavobacterium can be pathogenic for fish [19, 20]. However,
Pseudomonas strains can also be beneficial for plants and due to the limitations of this
16S rRNA gene amplicon sequencing, to know if these ASVs are pathogens would
require further experimentation. The presence of Serratia as an indicator in 10-day
wastewater samples only when Duckweed is absent indicates some effect duckweed
has on Serratia presence. Serratia includes species of human pathogens, including
Serratia marcescens [21]. In this way, Duckweed appears to have a bioremediation
effect on wastewater via a decrease in pathogenic bacteria within the community.

The work here focuses two replicates of wastewater data collected in the Fall
2018 and Spring of 2019 separately. Further work is necessary to compare both
replicates together and better understand the impact that duckweed can have in
bioremediation. Wastewater collected from different seasons also provides an
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interesting avenue in observing changes in wastewater composition depending on the
time of year. Furthermore, liquid samples were collected from each timepoint and stored
to be used for chemical analysis. Thus, allowing us to observe the impact that
Duckweed and DAB have on environment chemistry and in the bioremediation of toxic
compounds within wastewater.

Future work will investigate the metatranscriptomic data that was generated for
specific DAB grown with Arabidopsis thaliana. This data, which will include both plant
and bacterial transcripts, requires analysis to look at gene expression of these
organisms when they are plant associated. Arabidopsis was used for the host organism
due to its ease of use in the laboratory setting and the already troubleshot and designed
RNA extraction protocols. Also, Arabidopsis phyllosphere and duckweed both have
similar bacterial assemblies and further provides a bridge linking the two organisms
together for commonalities in plant microbiome assembly across plant species [11].

Overall, this work is an important progression in microbiome research as well as
uncovering new bioremediation methods. By utilizing duckweed, we observe changes in
microbial community structure of wastewater with the addition of certain growth
promoting DAB. While some microbes maintain higher abundances, like Proteobacteria
species, others seem to decrease over time, like actinobacterial ASVs. Similarly, the
decrease in abundance of Chlamydiae and Firmicutes ASVs highlights a promising
bioremediation ability of duckweed to eliminate pathogenic bacteria from wastewater.
We also note the selectivity of duckweed with its closely associated microbiome, with
drops in microbiome diversity in tissue samples compared to surrounding water.
Therefore, duckweed does appear to carry some level of control in microbiome
composition that can be affected by the presence of DAB, that could allow it to
bioremediate water sources and help to remove harmful organisms within water
sources.
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APPENDIX: TABLES
Table 4. 1: Strains used in this study.
Genomes were characterized using IMG to obtain size, GC%, Scaffold number, and
secondary metabolic information.
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APPENDIX: FIGURES
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Figure 4. 1:Predicted Biosynthetic Gene Clusters in each DAB.
BGC’s predicted using antiSMASH, clusters are shown by predicted compound.
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Figure 4. 2:Experimental design of Duckweed experiment.
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Figure 4. 3: Qiime output of ASVs in each Duckweed sample for replicate 1.
Relative abundance is generated for each sample, using ASVs that are characterized
by phylum level.

152

Figure 4. 4: Results from Duckweed experiment replicate 2.
A) Shannon’s diversity across all samples, split into different frames based on the
isolate treatment. “Yes” and “No” refer to whether Wastewater was added or not.
Red/pink represents samples from duckweed tissue, while blue represents samples
from the bulk water/media. B-C) The relative abundance of the Top 20 most abundant
ASVs across the samples at phylum level (B) and family level (C).
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Figure 4. 5: PCoA of tissue and water samples at all timepoints for both
duckweed experimental runs.
All DABs (dark purple), no DABs (light purple), and DAB isolates 2C (blue), 370 (green),
38E (light green), 9509 (yellow), and RRCA (pink) were plotted against one another,
comparing microbial members within each sample. Small circles indicate the first
replicate, large circles indicate the second replicate. X-axis is 26.173% and Y-axis
10.483%.
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CHAPTER FIVE: CONCLUSIONS AND FUTURE DIRECTIONS
Importance of Microbiomes
Root microbiome studies constitute a large and consistently growing area of
research due to their important ecological roles and functions in plant health and
development. Advances in sequencing technology now allow researchers to obtain a
much more accurate picture of what bacterial communities look like beyond culturing
microbes in the lab [1]. However, microbial membership alone does not tell the whole
story of the intricacies involved inside a microbiome. There is still much that remains
unknown about the functional aspect within a microbiome and how microbes interact
with one another to individually contribute to a community. The microbiomes that
associate with a host organism have an additional layer of complexity to understand
how their activities impact host health. Thus, numerous studies aimed to characterize
the composition and functionalities of microbiomes across a variety of host organisms,
including humans, fruit flies, and plants [2-4] with many noting positive effects on the
environment and on host organisms, leading to questions of what factors determine the
benefits of a microbiome [5, 6]. A better understanding of these beneficial bacterial traits
opens the door for new agricultural and industrial systems while obtaining healthier
alternatives to current farming practices. However, the functions and intricacies of
microbiomes are largely not understood within the context of host-microbe and microbemicrobe relationships that are instrumental in ultimate host benefit.

Host-Microbe Interactions
Understanding how microbes interact with a host organism is critical to
establishing the groundwork for enhancing the benefits provided by a microbial
community to a plant host. Plants are constantly exposed to new microbes as roots
travel through soil environments that host a diverse array of bacterial inhabitants. With
bacterial exposure, plants are impacted by metabolic potentials and can have dramatic
impacts on the plant including pathogenic or beneficial bacteria. For these reasons, it is
necessary for a plant to have some level of control over a microbial community [7].
Therefore, plants possess important systems in place to control rhizosphere community
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assembly via direct and indirect methods [8]. For instance, the plant innate immune
system and root exudates each display microbiome structuring capabilities, recruiting
some microbial members over others within the community [9, 10]. Plants can secrete
high amounts of carbon via root exudates into the rhizosphere as nutrients for its
microbial members [11]. Studies using roots of tomato, cucumber, and sweet pepper
show that they secrete high amounts of organic acid and its rhizosphere community
corresponded to organisms that could use those acids as a sole carbon source [11].
Alternatively, plants can secrete inhibitory compounds like benzoxazinoids that inhibit
certain microbes [11]. In this way, we see that plants maintain some level of control over
community assembly. The goal for this research is to take that understanding of plant
microbiome assembly and use it to enhance plant health by assembling a community of
beneficial bacteria, providing an alternative to current chemicals in use. To do this
requires an understanding of not only the plant’s effects on the microbes, but also the
many impacts that a plant host receives from its microbiome.

Microbial interactions with a host that can be classified as pathogenic,
commensal, or symbiotic based on host health outcomes. Most studied interactions
between microbes and plants have focused on either pathogenic behavior of microbes
or in a microbe’s ability to be beneficial and alleviate abiotic stress [12]. In beneficial
bacteria, microbes within a plant community can aid in pathogen defense, remediation,
plant growth, and drought tolerance [13]. Other beneficial bacteria, including some
Pantoea spp., secrete phytohormones, including the auxin compound Indole Acetic Acid
(IAA), that are growth promoting for plant hosts [10]. Pathogenic bacteria, such as
Pseudomonas syringae, secrete phytotoxic compounds that result in plant disease [10].
While there are many defined positive and negative impacts of microbial interactions
with a plant, there are also many subtle effects that microbes can have on their plant
hosts, including effects on other microbial members. A recent study on plant
microbiome diversity found that the loss of even rare microbial taxa decreased plant
productivity [14]. Therefore, it is well established that microbiomes can have a large
range of impacts on plant host health and overall productivity. However, the complexity
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and intricacies of these interactions are largely not understood in a community context
which is necessary when attempting to maximize plant efficiency and health with
beneficial bacteria.

To address the complexity present in plant-host interactions, I investigated
specific genes present in Arabidopsis-associated Streptomyces species and in
Proteobacteria. Interestingly, organisms harboring pigment producing genes for melanin
and a carotenoid showed enhanced plant association. We see that genes encoding
pigment producing enzymes provide enhanced survivability against phenolic
compounds, many of which are found in soil environments. Therefore, it makes sense
that soil-dwelling organisms harboring these genes are provided some advantage. By
enhancing survival, we predict that these organisms can therefore interact with a plant
host, setting up plant-microbe interactions. Highlighting microbial characteristics that
lead to establishing microbe-host interactions. However, being able to associate with a
plant host only provides a subset of the interactions, and further work was needed to
address how microbes can influence the plant host.

To investigate the direct impact of microbes on a host organism, plant hosts were
matched up with their respective associated microbes. Streptomyces strains were
grown with Arabidopsis to observe changes in root exudates based on strain presence.
Depending on the Streptomyces strain, different exudate compositions were found,
indicating a direct impact of microbial presence on plant phenotype. Furthermore, an
aquatic plant system using duckweed and duckweed associated bacteria (DAB) was
utilized to investigate the impact of microbes on plant host remediation capability in a
waste-water environment. The DAB member present showed alterations in waste-water
composition, imparting some effect of microbial member on duckweed phenotype.
Members of both Streptomyces and DAB can produce the plant phytohormone IAA,
which may act as a signal between plant hosts and microbes [15]. Highlighting the
impact of host-microbe interactions and the requirement of investigating microbial genes
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that enhance association to make more efficient the establishment of beneficial bacteria
with a plant host.

Microbe-Microbe Interactions
Beyond host-microbe relationships, there are also numerous interactions
between microbes within a community. Microbial communities are often competitive
environments where the survival of an organism depends on establishing itself into its
desired niche and to have access to required nutrients [16]. While the basis of this is
competitive in nature, microbes as individuals may not be competitive and are in many
circumstances beneficial to one another [17]. Therefore, highlighting the complexity of a
microbial community beyond just interactions with their host and requiring investigation
into microbe-microbe dynamics to understand community assembly. Not every
community member will act the same in every environment and understanding the
relationships of microbes with one another to maximize the efficiency of a microbiome is
critical [18].

To address how microbes impact each another in a community, I utilized
synthetic communities (SynCom) of microbes in taxa common to soil environments and
investigated how they individually interact with one another and in a community setting.
SynComs provide us an intermediate level of microbial complexity between bulk soil
and single microbe mono-associations to investigate systems with a more informative
resolution. SynComs also allow us to control for microbial membership within the
system and target specific hypotheses [19]. Setting up in vitro microbe-microbe
interactions provided a look into the potential of what microbes could either inhibit or
benefit others based on nutrient availability, and is a way to help untangle community
dynamics [20]. Furthermore, investigation into the genomes of SynCom members
highlighted genes to predict potential microbial interactions. By assembling these data
together, it provides a functional look into the potential of microbial members to interact
with one another that could greatly impact microbiome structure. While focusing on
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microbial members together identifies potential, it is equally important to contextualize
these interactions in a relevant environment with a plant host.

To further understand how microbial members may interact with each other in a
relevant system with a plant host allows for investigation into indirect methods of
microbe-microbe interaction. Using duckweed and DAB, we were able to observe how
using certain bacterial members can ultimately impact the overall microbial community
around the plant host. Thus, highlighting how one microbe can affect the presence or
absence of another by affecting plant phenotype. Therefore, we observe that
microbiome establishment is a complex web of indirect and direct interactions among
microbial members and microbes with the host organism. For this reason, I my work
helped untangle these different threads and reveal key interactions so that we might
understand the mechanisms behind community assembly and further our knowledge of
microbiomes. The ultimate goal that increasing the benefits imparted to a plant host
from microbial assemblies will increase plant efficiencies in growth and metabolism for
industrial and agriculture purposes.

Importance and Future Directions
As the human population continues to grow and we search for ways to sustain it,
we must be mindful of the steps taken to reduce waste and harmful byproducts of our
actions while increasing food production [21]. Climate change, human population
growth, and higher waste production are all challenges that we will face as we approach
the mid-century mark [21]. One such path that shows promise in alleviating the effects
of population increase is using microbial organisms to both improve in crop yield and in
bioremediation of current waste. Microbes contain a high diversity of metabolic potential
that if understood and harnessed effectively, would help to keep food sources
sustainable for human life.

The next steps to tackle the compounding issues we are facing will integrate
microbes into advancements in agricultural processes as well as in remediation efforts
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to clean waste already accumulated. Here, I investigate approaches for tackling each of
these problems using the capability of microbial communities with their respective hosts.
In order to enhance agricultural yield in sustainable and clean ways for the environment,
it is necessary to transition away from chemical fertilizers and pesticides that show toxic
effects on the environment and the organisms residing there. A recent study on tea
orchards found that chemical fertilizers can leave heavy metals in soil environments and
have effects on soil degradation and quality [22]. One such alternative to chemical
fertilizers uses bioinoculants comprised of beneficial microbes to enhance host health
and increase crop production [23]. However, the benefits of bioinoculants are often
inconsistent due to the complexity of interactions that occur between hosts and
microbes and between microbial community members. Therefore, it is of benefit to look
for ways to enhance bioinoculant efficiency to make it a more viable option for common
agricultural products.

For microbial members in bioinoculants to be effective, they must accomplish a
few important tasks. First, they must be able to establish themselves with close
proximity to the plant host so that any benefit they may impart will be credited to the
host. Also, they must impart some benefit to the plant. The most common and easiest to
observe is through plant growth promotion. Lastly, they must be able to survive and be
metabolically active within a microbial community and ideally impart some control or
effect on the community assembly. Understanding all of these characteristics requires a
deep dive into both host-microbe and microbe-microbe interactions occurring and
understanding the intricacies at play.

Plant growth promoting characteristics within microbes has been largely studied
and has identified auxin production among other mechanisms as growth promoting for
plant hosts [24]. While genetic determinants have been identified, including the
presence of carbohydrate metabolism functionality and the absence of mobile elements,
genes that result in effective colonization with a plant host is still largely unknown [25].
To uncover additional factors, I sought to identify genes within Streptomyces organisms
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that show enhanced levels of colonization. Interestingly, we identified genes encoding
tyrosinases that confer melanin-production as potential markers for enhanced
association with Arabidopsis hosts. To further investigate this potential mechanism, we
will need to generate Streptomyces mutants with targeted knockouts and observe root
colonization. Establishing this pipeline would further provide a pipeline to test other
identified microbial predictors of root microbiome colonization success and how
microbe-microbe interactions contribute to successful bioinoculant colonization, both
necessary parts of bioinoculant efficiency. While this work benefits the replacement of
toxic chemical fertilizers, there is still the issue of already present waste generated by
fertilizer and pesticide use.

To help alleviate the waste accumulation caused by toxic chemical fertilizers and
pesticides, bioremediation using duckweed and associated bacteria was also
investigated. Duckweed has been used in municipal sources and as wastewater
treatments in many developing countries as an inexpensive and clean way of handling
toxic compounds [26, 27]. However, its effectiveness is inconsistent and reliant on
environmental factors, including nutrients, temperature and aeration to maximize growth
and Nitrogen and Phosphorus uptake [28, 29]. Therefore, finding ways to enhance
duckweed efficiency would make large strides towards bioremediation efforts. Future
work using duckweed may focus on the application of a more robust bioinoculant
comprised of a larger community rather than single DAB. Furthermore, work will be
needed in characterizing the mechanisms behind duckweed remediation and
investigating complementary genes in bacteria for inclusion.

Streptomyces and DAB provides a two-way approach at handling the coming
issues associated with human population increases. First, to enhance crop production
by finding genes associated with enhanced plant colonization and associating. Second,
by increasing the effectiveness of a bioremediation approach using duckweed and its
DAB community. These approaches harness the incredible capabilities of microbial
communities and microbial members to offer clean alternatives for sustainability.
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Conclusions
The results outlined in this Thesis highlight the need for future research focusing
on Streptomyces, and other plant-associating microbes, genetics and performing high
throughput techniques to evaluate the necessity of genes for effective Arabidopsis
colonization. While Streptomyces are hearty organisms and difficult to manipulate
genetically, they have a wealth of metabolic potential that remains to be explored,
making them an intriguing reservoir of scientific research. Also, their ability to
consistently colonize plants and to be found in soil raises questions as to what genes
are responsible for these phenotypes. By investigating their genomes, I believe there is
an abundance of knowledge to be uncovered that would be useful in bioinoculant
tuning. However, future work to establish and employ more molecular biology tools is
still required to answer these questions about microbial genetics.

The goal of this work is to help unravel root microbiome dynamics between hosts
and microbes and between microbial members of a community. By unraveling these
dynamics in this work, we may better equip ourselves to enhance the efficiency of
bioinoculants to replace current chemical fertilizer and pesticide use. My hope is to
enhance crop yield in clean and effective ways that leverage natural microbial products
and to more away from toxic chemicals currently in use. Furthermore, I hope to help
clean up the waste that has built up over generations and provide tools to developing
regions. In doing so, creating a greater level of sustainability for future generations and
safeguarding food resources for human populations.
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